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Layered silicate clay montmorillonite (MMT) has been used in nanocomposite coating to improve corro-

sion protection by reinforcing the barrier property. The better dispersion of MMT in the coating produces a

higher barrier effect. Pretreatment with MMT could favor the delamination of clay platelets, facilitating

MMT dispersion in the coating. In the present work, a montmorillonite/silica (MMT/Si) composite was

prepared by the in situ sol-gel method. x-ray diffraction measurements and field-emission scanning elec-

tron microscopy observations showed silica crystal formation and increased basal spacing between the

MMT platelets. Composite MMT/Si particles were introduced in an epoxy resin to reinforce the corrosion

protection of the coating applied on the AA2024 surface. Electrochemical impedance spectroscopy (EIS)

was performed to characterize the protective property of the coating. The results demonstrated the high

barrier effect of the coating containing 5 wt% of MMT/Si. Adhesion evaluation after a salt spray test

exhibited a high adherence to the epoxy coating containing MMT/Si.
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1. Introduction

Nanoscale materials have been considered to improve

their mechanical and barrier properties when dispersed into

a polymer coating. This improvement is due to

nanoparticles’ large surface area, which provided good

performance at low concentrations. Among the

nanoparticles used in the polymer coating, sodium

montmorillonite clay (MMT) attracted much attention

thanks to its specific lamellar structure [1-3]. The completed

separation of platelets (exfoliated state) in the polymer

matrix leads to occlude of the micro tunnels. Therefore, it

obstructs the pathway of water and corrosive species through

the coating, resulting in an improving barrier effect [4-6].

Hence, the reinforcement effect depends on the dispersion

level of clay platelets. To achieve this goal, MMT could be

modified with an organic compound so that the platelets

were intercalated for easy separation and, on the other hand,

for better compatibility with organophilic polymer [7-10].

In the previous work, MMT was modified with organic

corrosion inhibitors (modified-MMT) used in the primer

to improve the corrosion protection of an epoxy coating

on the steel surface. The enhancement was achieved by

barrier reinforcement and corrosion inhibition at a low

concentration of modified MMT (2-3%). However, since

the total organic inhibitor content incorporated in the

coating was very low (16% of inhibitor for 2% of

inhibitor-MMT), long-term protection was suspected

when being exposed to the aggressive medium [11-14].

Silica nanoparticles (nano-silica) were usually used in a

clear coat to increase the scratch resistance; at low

concentrations and uniform dispersion, the transparency or

optical property was maintained [15-18]. The documents

said that the addition of nano-silica in the epoxy coating

exhibited better corrosion resistance than the micro particles

due to the compact structure of chemical interaction of the

hydroxyl groups of silica with epoxy resin. However, a

surface modification is required to obtain a complete

dispersion of nano-silica filler in the coating [19,20]. 

In the present work, nano-silica particles were deposited

on the MMT platelets by a preparation in-situ in the

sodium MMT to intercalate the MMT platelets (MMT/

Si). The purpose is to increase the distance of MMT

platelets to facilitate the dispersion in the polymer matrix

and to improve the mechanical properties of the coating

by taking advantage of both MMT and silica nanoparticles.†Corresponding author: anhtruc.trinh@itt.vast.vn 
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2. Experimental

2.1 Materials

2024 aluminum alloy (AA2024) is supplied by Sonaca

Company, Belgium. The coatings were applied on the

AA2024 sheet with 4 × 6 × 0.1 cm dimension; before

painting, the AA2024 samples were washed with absolute

ethanol and dried.

The binder is water-based epoxy resin, composing

YD828 as resin and Epicure 8537 as curing agents. The

epoxy coating was deposited on the AA2024 surface by

Filmfuge Paint Spinner Ref 110N (Sheen, United

Kingdom) equipment.

2.1.1 Sodium silicate solution extra pure were from

Merck

Sodium montmorillonite (Cloisite® 116, MMT) were

supplied by BYK-Southern Clay product.

The synthesized MMT/Si was added to the epoxy at 1,

3, and 5 wt% concentration. MMT/Si particles were

mechanically dispersed in a hardener for 1 hour before

being incorporated into epoxy resin. The mixture was

continuously stirred for 30 minutes and sonicated for 30

minutes to assure the completed dispersion of MMT/Si

before scattering on pre-cleaned aluminum sheets

(40 × 60 × 1 mm) with a rotating rate of 500 rpm for 20

seconds. The film thickness was approximately 30 ± 4 μm.

2.1.2 Preparation of the nano silica – montmorillonite

clay (MMT/Si)

1 g of MMT was wholly dispersed in distilled water by

agitation and then sonicated for 15-20 minutes to assure

the exfoliation of MMT sheets, and then 7.1 g of

Na
2
SiO

3
.9H

2
O were added to the suspension of MMT.

The pH of the suspension was controlled at pH=2 by

adjusting the H
2
SO

4
 2M solution. The hydrolysis was

performed for 24 hours at room temperature, then at 80 oC

for 6 hours. The MMT/Si was collected by centrifuging

(8000 rpm/ 5min) and repeatedly washed till pH = 7, then

dried at 80 oC in a vacuum oven overnight. 

2.2. Analytical characterizations 

The microstructure of synthesized MMT/Si was

analyzed by X-ray diffraction (XRD, D5000 Siemens

diffractometer (λCuKα = 1.5418 Å, 2θ steps = 0.015o/

step)) and Field-Emission Scanning Electron Microscope

(FE-SEM, Hitachi S-4800)

The surface charge of the MMT and MMT/Si

nanoparticles was determined using a Zeta Sizer SZ100-Z2

(Horiba Instrumentation). The MMT and MMT/Si powder

were dispersed in distilled water by ultrasonic before being

introduced into the Zeta cellule. A solution of KCl 10-3M

was used to set the ionic strength. Each sample was recorded

at least 3 times to ensure a good statistic on the diagram

distribution and the average surface charge values.

2.3. Electrochemical measurements

Electrochemical impedance spectroscopy (EIS)

measurements were performed using three classical

electrodes: the working electrode was the AA2024 panel,

the reference electrode was an Ag/AgCl/KCl saturated,

and the counter electrode was a platinum plate connecting

with Biologic SP-300 equipment.

The EIS measurements were plotted at the frequency

range from 100 kHz to 10 mHz at open circuit potential

(OCP) with an amplitude of 10 mV. Each sample was

realized at least three times to ensure the reproducibility

of the measurement.

The salt spray test was performed according to ASTM

B117 standard. 

The coating adhesion was evaluated by the cross-hatch

method following the ASTM D3359 standard. After 14

days of salt spray exposure, the samples were washed

with distilled water and cleaned with cotton tissues before

cutting; the samples were left at room temperature for 30

minutes to ensure a wholly dried state.

3. Results and discussions

3.1. Characterization of synthesized MMT/Si

The X-ray diffraction patterns between MMT and MMT/

Si particles were compared in Fig. 1, in which the phase

composition of both MMT and silica was determined. 

The characteristic peak of silica detecting in the XRD

pattern of MMT/Si represented the cristobalite form. 2θ

value had been displaced to a minor angle from MMT to

MMT/Si. The interlayer spacing of MMT d
001 

was

calculated following Bragg’s Law, which was 12 Å to 14

Å for MMT and MMT/Si, respectively. This XRD

analysis demonstrated the formation of silica crystals on
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the platelets of MMT, leading to an increase in the gallery

distance of MMT.

The morphology of pristine MMT and synthesized

MMT/Si is illustrated in Fig. 2. 

The layered structure of MMT was observed for both

MMT and MMT/Si samples, but the MMT platelets were

more expanded for the MMT/Si sample. SEM observation

unifies with the XRD result, indicating an increase in the

lamellate distance obtained for the MMT/Si sample.

The surface charge of MMT and MMT/Si was

determined by Zeta potential measurement and presented

in Fig. 3. Both MMT and MMT/Si presented a uniform

surface charge distribution with a change of the average

surface charge. It shifted to a more negative region from

MMT to MMT/Si (-47 to -93 mV), indicating a

modification of the surface state when precipitating silica

on the MMT surface. The negative value of the surface

charge could be attributed to the existence of hydroxyl

group OH- on the silica surface.

XRD, FESEM, and Zeta potential analysis identified

that silica was successfully synthesized in the MMT

solution; silica particles were distributed on the MMT

platelets and expanded its layered distance.
Fig. 1. X-ray diffraction patterns for MMT and MMT/Si
particles

Fig. 2. FESEM images for MMT and MMT/Si particles

Fig. 3. Surface charge distribution of MMT and MMT/Si particles
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Fig. 4. Bode EIS diagrams for
AA2024 surface covered by
epoxy coating (reference) and
the epoxy coating containing
MMT/Si at different concentrations
during immersion time in the
electrolyte solution
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3.2. Corrosion protection of epoxy coating containing

MMT/Si

The protective property of the epoxy coating loading

MMT/Si applied on the AA2024 surface had been

characterized through EIS measurement during exposure

to the NaCl 0.1 M solution. Fig. 4 showed Bode EIS

diagrams of AA2024 sheets covered with epoxy and

epoxy-containing MMT/Si at different concentrations.

The coating epoxy loading MMT was not prepared due

to the alkaline property of MMT, while MMT/Si was

neutral in the aqueous milieu.

The EIS diagrams for the reference sample without

pigment showed a modification associated with a decrease

of high-frequency modulus on the first day, indicating the

rapid degradation of the coating. For a short exposure

time (1 day and 3 days), it exhibited 3-time constants well

defined. The high-frequency part characterized the

coating property; the middle part described the existence

of the oxide layer, and the low part was characteristic of

the Faradic process that occurred on the AA2024 surface.

For a longer time, this low-frequency part disappeared

due to the accumulation of corrosion products that sealed

the micropores of the porous oxide.

Adding 1 wt% MMT/Si gave a similar form of reference

sample, but the modulus values were slightly higher. For

3 wt% MMT/Si concentration, the EIS shapes remained

relatively stable during 21 days with one time constant

located at high frequency. A second-time constant

appeared at a low frequency from 35 days (Fig. 4cc’),

indicating an interfacial reaction occurred at the coating/

metal interface. These EIS behaviors could be attributed

to a barrier effect of the coating caused by the dispersion

of the charge, which prolonged the diffusion path through

the coating. At 5 wt% of MMT/Si (Fig. 4dd’), the EIS

diagrams are unchanged during long exposure time in the

electrolyte (56 days) with only one time constant. This

stability of EIS diagrams indicated the high barrier

property of the coating. It was mentioned in the literature

that the exfoliated state of MMT in the coating leads to

forming a tortuous path through the micropores of the

coating, which slows down the diffusion process of the

corrosion species to the metal surface [20].

It can be seen in Fig. 4a and 4b that three time-constants

have early appeared from the initial exposure; for more

prolonged exposure, the high-frequency behaviors can be

distributed by the coating and the oxide layer under the

Fig. 5. Equivalent electric circuit (EEC) proposed for modeling the EIS data of AA2024 surface covered by epoxy coating and
epoxy coating with MMT/Si (a) and Bode diagram for epoxy coating containing 5 wt% of MMT/Si after 21 days exposure in
the NaCl 0.1 M
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coating. Therefore, an electrical equivalent circuit (EEC)

with three-time constants was proposed for modeling the

EIS data (Fig. 5a).

In this circuit, R
sol

 is electrolyte resistance; R
f
 is film

resistance parallel connected with constant phase element

(CPE, Q
f
), which is the non-ideal capacitance of the

coating. R
f
 connected in series with R

ox
 and Q

ox
 are

characteristic of the existence oxide layer, and R
dbl

, Q
dbl

relate to charge transfer resistance and capacitance of the

double layer. A comparison of experimental and fitting

data for the epoxy coating loading 5 wt% of MMT/Si

after 3 days of exposure was displayed in Fig. 5b, wherein

the standard deviation of the fitting approximated ≤ 5%.

Fig. 6 showed the variation of coating resistance R
f
 and

capacitance (Q
f
) calculated from fitting data during

immersion time in the electrolyte solution. 

For a high concentration of MMT/Si (5 wt%), the film

resistance values slightly decreased at the beginning and

maintained stability till 56 days. For concentration of 3

wt%, it rested stable but at a lower value than the one at

5 wt%. The CPE value was low for the concentration of

5 wt% and higher for 3 wt%. At the weak content of

MMT/Si (1 wt%), the variation of resistance and CPE

was the same reference sample (without charge) with low

film resistance and high film CPE values. Having

published in the previous works that the incorporation of

modified MMT in the epoxy coating improved the barrier

property when exfoliated in the coating at 2–5 wt% [11-

14]. It could be found in Fig. 1 and Fig. 2 that the formation

of silica crystal on the MMT sheets led to expanding the

lamellate structure of layered silicate and favored the

dispersion of MMT/Si sheets in the coating. The MMT/

silica ratio calculated in the MMT/Si approximated 1/1;

therefore, it was in the optimal concentration range to

obtain good dispersion in the epoxy coating.

Fracture surface observations were carried out for the

epoxy coating, the epoxy coating containing 5 wt% of

MMT/Si, and the analysis was compared with the coating

loading 5 wt% pristine MMT. FESEM images of the

fracture surface of the coating was displayed in Fig. 7.

The surface of the epoxy coating without pigment is

relatively smooth, while a rougher structure is observed

for the epoxy coating loading MMT and MMT/Si. The

dispersion of the MMT layers was clearly found, the

accumulation was visible for the sample containing MMT,

and it was well-separated for the sample with MMT/Si.

Due to the aggregation, some voids and cavities appeared

in the sample containing only MMT. The homogenous

and exfoliated dispersion of MMT/Si in the epoxy coating

signified a good miscible of MMT/Si. Moreover,

interfacial adhesion between MMT/Si platelets with

epoxy resin was remarked. This was due to silica particles

on the silicate platelets, which could be more compatible

with the polymer matrix. Then the increase of layered

distance facilitated resin penetration to separate the

lamellar layers. 

The adhesion of the coating was evaluated after 14 days

of salt fog exposure. It can be seen in Fig. 8 that the

Fig. 6. Evolution of film resistance (R
f
) and film CPE (Q

f
) versus immersion time in the NaCl 0.1 M solution
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reference coating was seriously detached with a

delaminated area of about 50%, indicating a poor adhesion

of epoxy coating in salt fog conditions. On the contrary,

for epoxy coating containing 5 wt% of MMT/Si, a few

detachments were observed around squares incisions,

demonstrating a good coating adherence. It was

commented in the documents that the adsorption of water

and oxygen on the coating/metal interface deteriorated

the adhesion of the coating [21]. In this case, thanks to

the barrier effect obtained by the presence of layered

structure charge MMT/Si, the water penetration at the

coating/interface was limited. 

The EIS measurements linked to adhesion tests revealed

that incorporating the MMT/Si composite in the epoxy

coating applied on the AA2024 surface improved the

barrier property of the coating. The high resistance and

Fig. 7. FESEM cross-section images for epoxy coating, the epoxy coating containing 5 wt% of MMT and containing 5 wt% of
MMT/Si

Fig. 8. Film adherence of epoxy coating (a) and the epoxy coating containing 5 wt% of MMT/Si (b) after 14 days of exposure to
salt fog test
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low capacitance of the film were achieved while film

adhesion was enhanced after 14 days of exposure to salt

spray. This improvement could contribute to both roles

of MMT and silica particles. In this case, the primary role

of silica is to expand the layered distance of MMT,

favoring the exfoliation of MMT in the epoxy resin.

4. Conclusions

Montmorillonite/silica composite was successfully

synthesized in the aqueous medium; X-ray diffraction and

FESEM analysis revealed the formation of crystal silica

in the MMT platelets, which could expand the layered

distance MMT. The introduction of MMT/Si into an

epoxy coating at 3-5 wt% enhanced the corrosion

protection mainly by improving the barrier effect and

coating adhesion on the aluminum alloy 2024 surface. It

can be seen that the high dispersion of MMT platelets in

the epoxy coating was thanks to the deposition of silica

on the MMT platelets.
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