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Electrophoretic deposition (EPD) silicon–zirconium organic–inorganic hybrid coatings were applied on LC4 alumi-
num alloy for corrosion protection. 3-Glycidoxypropyl-trimethoxysilane (GTMS) and Zirconium (IV) n-propoxide
(TPOZ) were used as precursors. 3-Aminopropyl-trimethoxysilane (APS) was added to enhance the corrosion pro-
tective performance of the coatings. Scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy
(EDS) and Fourier transform infrared spectroscopy (FTIR) were employed to characterizemorphology, microstruc-
ture and component. The results show that the addition of APS leads to the enhanced migration and deposition of
positively charged colloidal particles on the surface of metal substrate, which results in the thickness increasing of
coatings. However, loading an excessive amount of APS gives a heterogeneous coating surface. The corrosion pro-
tective performance of coatings weremeasured by electrochemical impedance spectroscopy (EIS) and potentiody-
namic polarization. The results indicate that the addition of APS improves corrosion protective performance of
coatings. The optimal addition content of APS is about 15%. The 15% APS coating is uniform and dense, as well as
has good corrosion protective performance. The impedance value (1.58 × 105 Ω·cm2, at the lowest frequency) of
15% APS coating is half order of magnitude higher than that of coating without APS, and 15% APS coating always
keeps the best corrosion protective performance with prolonged immersion time. This kind of coating is identified
with “double-structure” properties based on the analysis of EIS and potentiodynamic polarization. Furthermore, the
equivalent circuit results indicate that the intermediate oxide layer plays a main role in corrosion protection.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Chromate conversion coatings have been widely used for aluminum
alloy protection [1,2]. However, the high hazard to human health and
environment has limited the applications of chromate conversion coat-
ings containing Cr (VI) species in industry [3–6]. Therefore, Cr(VI)-free
surface treatment methods have been intensively investigated [7,8].
Silicon–zirconium (Si–Zr) organic–inorganic hybrid coatings have
attracted much attention due to their remarkable properties [9]. The
coatings have the advantage of both mechanical properties of inorganic
networks and chemical characteristics of organic components, and
have becomeone of themost promising environmentally friendly substi-
tutes for chromate conversion coatings [10–13]. Inorganic networks in
Si–Zr organic–inorganic hybrid coatings could enhance the thermal sta-
bility of the coatings and the adhesion to metallic matrix, as well as con-
fer mechanical properties. Organic components in the coatings provide
high flexibility and low porosity, avoiding the appearance of coating de-
fects in the drying stage [14]. Moreover, organic and inorganic groups in
the coatings are linked by stable chemical bonds, and no significant

phase interfaces exist. These contribute to the stable structure of the
coatings [4].

Many methods, such as dipping [11], spinning [15], spraying [16],
and electrophoretic deposition (EPD) [17] were employed to prepared
organic–inorganic hybrid coatings. Among these methods, EPD attracts
many attentions since the coatings fabricated by EPD had the properties
of uniform thickness, strong adhesion, none porous structure and good
corrosion resistance, etc. [18,19]. Mandler's group [20,21] and vanOoij's
group [22] found that coatings prepared at a defined cathodic potential
by EPD method presented better corrosion resistance than those pre-
pared by traditional dip-coating methods. Collinson [22] and Woo [23]
et al. controlled the uniformity and orientation of coatings by cathode
EPDmethod. The results indicated that the structure of EPD coating dif-
fered from those of coatings prepared by traditional method. The EPD
coating thickness was controllable and the interfacial bonding strength
was significantly improved.

The morphology, structure and corrosion protective performance of
coatings can be optimized by controlling the zeta potential of colloidal
particles in the EPD method [24]. High zeta potential at an appropriate
pH value benefits the quality of coatings [25]. As a saline coupling
agent with an amino-group, 3-aminopropyl-trimethoxysilane (APS) is
a kind of non-ionic surface active agents. It can catalyze the ring-
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opening reaction of epoxide group to formpolymer networkswith com-
plex structure and high density [26]. In addition, APS, as positively
charged colloidal particles in sol solution after hydrolyze reaction, can
be used as additives to change the zeta potential of colloidal particles
in sol solution. As a result, it is of interest to study the effect of APS on
the structure, morphology and corrosion protective performance of
the organic–inorganic hybrid coatings prepared by EPD method.

In thiswork, the effect of APS on corrosion protective performance of
EPD coatings on LC4 aluminum alloy was studied based on our previous
work,which optimizes the operation parameter of the EPD process [10].
Zirconium (IV) n-propoxide (TPOZ, metal alkoxides containing Zr) and
3-glycidoxypropyl-trimethoxysilane (GTMS, silane containing Si) with
epoxide group were selected as precursor of the coatings, and APS
was chosen as additive to change the charged colloidal particles in the
sol solution. Zeta potential of colloidal particles is changed with APS

addition. The morphology, microstructure and component of the coat-
ings with different content of APS were investigated by scanning elec-
tron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS)
and Fourier transform infrared spectroscopy (FTIR). In particular, the
corrosion protective performance of coatings with different immersion
time was investigated by electrochemical impedance spectroscopy
(EIS) and potentiodynamic polarization. And equivalent circuit was ap-
plied for numerical fitting of the experimental results. The results show
that the optimized APS content is 15%, at which the coating exhibits the
best corrosion protective performance.

2. Experimental details

LC4 aluminum alloy samples (chemical composition: 0.50 wt.%
Si, 0.50 wt.% Fe, 1.4–2.0 wt.% Cu, 0.20–0.60 wt.% Mn, 1.8–2.8 wt.%
Mg, 0.10–0.25 wt.% Cr, 5.0–7.0 wt.% Zn, 0.10 wt.% Ti, balance Al)
(40 × 30 × 3 mm) were grinded using SiC waterproof sandpaper to
600 grit, cleaned with deionized water, and then dried with clean air.
These samples were immersed in an alkaline aqueous solution for
1 min at 50 °C to remove oil, and then immersed in the acid aqueous
(CrO3, 50 g/l; HNO3, ρ = 1.42 g/ml, 100 g/l; HF, 40 wt.%, 10 g/l) to re-
move oxide at room temperature. After that, these samples were rinsed

Table 1
Evolution of coating thickness and zeta potentials of colloidal particles in sols with differ-
ent APS contents.

APS (%) 0% 10% 15% 20%

Thickness of coatings (μm) 1.7 3.2 4.4 4.8
Zeta potential (mV) +4.2 +9.9 +18.6 +34.6

Fig. 1. Morphologies of coatings prepared by EPD method with different APS contents. a) 0%; b) 10%; c) 15%; d) 20%; e) 20%; f) 30%.
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