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Abstract: Based on silsesquioxanes (SSO) derived from the hydrolytic condensation of
(v-glycidyloxypropyl)trimethoxysilane (GPMS) and titanium tetrabutoxide (TTB), hybrid
films on aluminum alloy (AA), film-GPMS-SSO (f-GS) and f-GS-TTB, (f-GSTTsv, 25%,
i=5,10, 15, 20 and 25 wt%), were prepared and tested by electrochemical measurements
with typical potentiodynamic polarization curves. The . values of the samples were
significantly lower, comparing with the ., values of the f-GS, AA and f-GS modified
tetraethoxysilane (TEOS) in the previous study, which implies that the TTBso, 259, (T102)
additions in the coatings indeed enhance the electrochemical corrosion resistance. Correlations
between the film structures and anticorrosion properties were discussed. To validate the
corresponding anticorrosion experiment results, different 3D-amorphous cubic unit cells
were employed as models to investigate the self-diffusion coefficient (SDC) for SO,, NO,
and H,O molecules by molecular dynamics (MD) simulation. All of the SDCs calculated
for SO,, NO, and H,O diffusing in f-GSTTsy, 250, cells were less than the SDCs in f-GS.
These results validated the corresponding anticorrosion experiment results.
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1. Introduction

Silsesquioxane (SSO) compounds have an important role in applications requiring thin film [1-3].
Due to their nanostructure and superior properties, these attractive engineering materials provide new
strategies to incorporate and release corrosion inhibitors, allowing toxic and hazardous hexavalent
chromium-containing compounds to be replaced [4].

However, SSO films have a higher probability of being porous, compliant and incompletely
crosslinked, formed in the courses of hydrolytic condensation and final curing [5,6]. These structural
characteristics can facilitate transport of small gas molecules into the film surface where corrosion
occurs and limits the efficacy of the hybrid films. In the previous study [7,8], silsesquioxanes (SSO)
derived from hydrolytic condensation of (y-glycidyloxypropyl)trimethoxysilane (GPMS) and
(y-methacryloxylpropyl)trimethoxysilane (MPMS) modified with tetraethoxysilane (TEOS) were
investigated as anticorrosion coatings on bare aluminum alloys (AA). TEOS was added into the
reaction systems to enhance the density of the films, and expected anticorrosion properties were
obtained from the TEOS (or SiO; after the hydrolytic condensation of TEOS) modified systems.

Titanium-hybrids with organic epoxide resins have been used as protective coatings to take
advantage of their superior mechanical properties and adhesion to metals [9,10]. Hybrids based on
(v-glycidyloxypropyl)silsesquioxanes (GS) and modified with titanium tetrabutoxide (TTB, or TiO;
after the hydrolytic condensation of TTB) have been prepared [11,12], but generally include additional
metal oxides and silica. In this work, GS films are investigated as anticorrosion coatings on AA, and
just TTB is added into the reaction system to enhance the density and corrosion resistance of f-GS.
One focus of this work is the correlation between the film structure and the anticorrosion properties of
the modified films which act as corrosion inhibitors and enhance the corrosion resistance.

In addition to the synthesis and anticorrosion experimental component, this study is to validate the
corresponding anticorrosion-experiment results, using a sample model of molecular dynamics (MD)
simulations which have recently been successfully used to estimate the self-diffusion coefficients of
small gas molecules in models of hybrid materials [13,14]. To demonstrate the MD simulation
accurately enough to predict the self-diffusion coefficient of small gas molecules in amorphous hybrid
materials, the calculation, minimization and equilibration of the simulated structure should be
performed during the MD simulation method [15,16]. For the validation, a hybrid microstructure
similar to the polymer microstructure reported in the literature is employed to investigate self-diffusion
coefficients by MD simulation for NO,, SO, and H,O molecules [15,16].

2. Experimental Section
2.1. Materials

Commercial GPMS (Dow Corning Z-60406040, Beijing, China) was used in the study of hydrolytic
condensation reactions; TTB (97.0%) employed as a modifier, formic acid (HCOOH, 98%) used as a
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catalyst, ethanol (C,HsOH, 99.7%) used as a solvent and ethylenediamine (EDA, 98%) selected as the
hardener were analytical grade reagents, obtained from the Tianjin Chemicals, China.

2.2. Preparation of Films

To prepare the sols, GPMS and TTB were pre-hydrolyzed separately. GPMS was hydrolyzed in
ethanol with formic acid (0.5:1, formic acid:GPMS) for 5 days at 40 °C. The resulting GPMS-SSO
will be denoted as GS. TTB was hydrolyzed in ethanol with hydrochloric acid (0.05:1, HCLl:TTB)
for 4 days at 40 °C. The mole ratios of ethanol and H,O with respect to both Si and Ti were 4 and 3,
respectively. Next, the hydrolyzed GPMS and TTB (5, 10, 15, 20 and 25 wt%) sols were combined
and stirred continuously for 5 h at 35 °C. The GS modified with TTBs will be denoted as GSTT,
or GSTTs%_zs%.

The resulting GS and GSTTse, 250, was diluted with ethanol (molar ratio Si/C,HsOH = 1/4) and then
a theoretical amount of EDA was added. Dip-coating on the AA (40 X 10 X 2 mm) was performed
three times at 6-hour intervals with a dipping speed of 300 mm/min. After dipping, the coated samples
were put into a heating oven for 6 h at 80 °C followed by 4 h at 120 °C. The hard and transparent films
coated on AA will be denoted as -GS and f-GST T, 250.

2.3. Electrochemical Measurements [8]

Electrochemical measurements were performed using a CHI 630 device and a three-electrode cell
equipped with a saturated calomel reference electrode (SCE), a platinum counter electrode and a
coated or non-coated AA panel as the working electrode having an exposed area of 1.0 cm®. All
measurements were conducted in an aqueous 3.5 wt% NaCl working solution at room temperature.
The electrodes were kept in the working solution for 30 min prior to measurements with the electrical
circuit opened. 352 SoftCorr III corrosion measurement software (EG&G Princeton Applied Research,
Princeton, NJ, USA) was used to analyze the potentiodynamic polarization curves. A potential
scanning range was —1—1.2 V with a scanning rate of 2 mv/s.

The surface morphology of the corroded films and the film thickness (2 um) were examined with
scanning electron microscopy (SEM, Hitachi S-4700, Tianmei, Beijing, China).

3. Computational Methodology

The models were generated with Amorphous Cell program of Material Studio software (MSS)
of Accelrys Inc. (San Diego, CA, USA) The films, sandwiched between superstrate (air) and a
substrate (aluminium alloy), were modeled in a cell together with small gas molecules. The generated
network models consisted of 5 different 3D-amorphous cubic unit cells with periodic boundary
conditions, containing oligomers based on GS, modifiers (TiO,) and gas molecules (SO, NO, and
H,0). Cells based on f-GSTTy, (i = 0, 5, 10, 15, 20 and 25 wt%) [denote cell(f-GSTTe 250,)] Were
constructed with each kind of cell containing three different gas molecules, respectively. As seen in
Figure la—e, cell(f-GSTTyy, 25%) contained 10 oligomers (GS), 8 SO,s, 8 NO;s and 8 H,Os for each;
and contained 8, 16, 24, 32 and 40 TiO;s for the cell(f-GSTTse, 2s0), respectively. The density for every
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cell was fixed to about 1.00 g/cm’ based on total molecular weights of molecules in a cell and the
auto-adjusted cell volume [8,17,18].

Figure 1. Model cells for f-GSTTy, (i = 0, 5, 10, 15, 20 and 25 wt%) containing GS
oligomers, H,O, NO; and SO, gas molecules, and 5-25 wt% TiO, modifiers, respectively.
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Meunier reported the estimation of SDC of small gas molecules in an amorphous polymer under
different reaction and microstructure conditions, employing MD simulations [15]. The SDC were
calculated from the mean-square displacement (MSD) of the penetrant molecules by means of the
Einstein equation [15,16]:
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where, N, is the number of diffusing atoms, #(0) is an initial position vector of the penetrant molecule
in the selected hybrid microstructure, 7(f) is the position vector of this molecule after time ¢, and
|r(f) — r(0)| represents the displacement of the penetrant molecule during time ¢. Equation (1) assumes
that the SDC is a constant, i.e., independent of the penetrant gas concentration in the polymer. The
MSD, |r(¢) — r(0)|2 , of SO,, NO, and H,O were calculated from the trajectories of the gas
molecules SO,, NO; and H,O in the hybrid microstructures.
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4. Results and Discussion
4.1. Corrosion Resistance of Modified Hybrid Films

The anticorrosive performance of films can be examined from the corrosion current density (Zeorr)
obtained from the intersection of the anodic and cathodic Tafel curves (potentiodynamic polarization
curves) [19-21]. Figure 2 shows the typical potentiodynamic polarization curves of different specimens,
f=GSTTw, (i = 0, 5, 10, 15, 20 and 25), in an aqueous 3.5 wt% NaCl working solution at room
temperature. The current densities of f~GSTTso, 250, (5%:2.37, 10%:0.82, 15%:0.43, 20%:0.10 and
25%:0.093 nA/cmz, respectively) are significantly different with the orders of f~-GSTT,s0, < f~=GSTT2¢v,
< f-GSTTis50, < f-GSTTyge, < f-GSTTsy, and lower than the densities of f-GSTT¢, or f-GS
(0%:1550.00 nA/cm?), bare AA (5755.00 nA/cm?) [4,8] and f-GSTEsv, 305 [4,7]. At the same weight
percent loading of titanium dioxide as silica in the f~-GSTE(, sample, the f-GSTT)q, sample exhibited a
corrosion current density that was 200 times smaller [19], which implies that the titanium dioxide modified
films indeed provide a greater improved barrier for blocking the electrochemical corrosion process.

Figure 2. Typical polarization curves of film-GPMS-SSO (f-GS) (aa’) f~GSTTse, (bb’),
f=GSTT¢, (cc’), -=GSTTs, (dd’), -=GSTTyge, (e€’) and f-GSTT,se, (ff”). The data were
measured in 3.5 wt% NaCl aqueous solution.
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4.2. Correlation between the Film Structure and Anticorrosion Properties

The SSO film structures and processing conditions strongly influence the anticorrosion properties
of coatings. A f-GSTT network based on organic/inorganic hybrids undergoing extensive cross-linking
would lead to the formation of a dense coating with enhanced anticorrosion properties relative to AA,
f-GS or f-GSTT. The protection efficiency (P) of the sol-gel coatings on AA could be similarly
calculated by the equation [22]:

P (%) =100 (1 — Leor/Ian) 3)

where /x4 and /. denote the corrosion current density of the bare AA and coated AA, respectively.
In Figure 2, the f-GSTTsy, and f~-GSTT¢, current—voltage curves show a distinct active-passive
transition; the absence of the passivation region in the f-GSTT,g, and f-GSTT,se, curves indicates that



Polymers 2014, 6 305

the anticorrosion properties of f-GSTT mainly result from the barrier provided by the addition of TTB,
which prevents the oxidation on the AA surface [23,24]. An adequate amount of TTB modifier can
support f-GS to fabricate a denser structure that significantly improves the anticorrosion properties of
coatings. This enhanced anticorrosion effect of f~GSTT might have arisen from dispersing TiO, dense
particles and organic fractions in an f-GSTT matrix to block the diffusion pathway of corrosive
penetrants. In a sense, the penetrate molecules have a longer more tortuous path when inorganic
particles are present. These barrier effects have been thoroughly documented with permeability of gas
molecules O, and H,O through PMMA-clay nanocomposite membranes [25]. The origin of the protection
offered by the hybrid coatings is clearly due to their barrier properties. Noise in f-GSTT current-voltage
curves results from the formation of pits in the AA surface coating of a very thin organic film.

As was predicted by the SEM analysis in Figure 3 and recapitulated by the above electrochemical
analyses, the electron micrographs of f-GS (Figure 3a) show the open cell, micron-scale porosity that
would permit water and salts access to the underlying metal, providing the least protection to the
aluminum substrate. Corrosion of aluminum protected by the f~GSTTse, 259, is less prevalent, because
the TiO, modifiers in f~GSTTse, 250, result in a denser structure that significantly improves the anticorrosion
properties of coatings. Obvious corrosion and delamination phenomena were observed in the f-GSTTse, 159,
surfaces (Figure 3b—d), but are almost absent in the f-GSTT,g, and f-GSTT,se, surfaces with few cracks
(Figure 3e,f), due to the greater volume of the TiO, modifiers that ultimately result in denser, less
permeable coatings. For perspective, the SEM image of Figure 1f shows that 25% TTB results in a
very smooth coating, which enhance anticorrosion properties of the f-GS and renders f-GSTT,se,
suitable for and more effective as protective coatings.

Figure 3. Scanning electron microscopy (SEM) images (20 kV, 9800, 38 Im, x200) of six
samples for electrochemistry measurements: (a) f-GS; (b) f-GSTTse; (¢) f-GSTTge;
(d) f-GSTT15%; (e) f—GSTTzo% and (f) f—GSTT25%.
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4.3. Verification of Enhancement Corrosion Resistance by SDC Using MD Simulation

In addition to the experimental assessment of the protective characteristics of the f-GSTT, it was
possible to use computer modeling to simulate the performance of the films and validate the model for
beneficial effects of the titanium dioxide. For corrosion to occur on the aluminum surface, there needs
to be water and some Lewis acid, such as sulfur dioxide or nitrogen dioxide. The more a coating
permits these molecules to permeate to the metal surface, the greater the corrosion will be. So the
simulations involve constructing a model piece of the coating structure and measuring the diffusion of
SO,, NO;, and H,O molecules. Table 1 lists the values of the SDC for the SO,, NO, and H,O molecules
in cell(f-GSTTyy 25%) at room temperature, calculated with Equations (1) and (2). The SDC values in
cell(f-GSTTsv, 250) are much less than the values in cell(f-GS/TEOS) [18], indicating a more compact
structure. Figure 4a—c show plots of MSD of SO,, NO, and H,O molecules in cell(f-GSTTyy, 25%) as a
function of time, obtained from MD simulations. According to Equation (1), a plot of MSD versus
time should be linear if SDC is constant. All estimated SDCs were determined from the slopes of the
plots. Figure 4a shows curves for HO of which the slopes are bigger than those of the curves for SO,
and NO,. This result can be ascribed to the lower molecular weight and size of H,O compared with
SO, and NO,, leading to bigger SDCs of H,O in cell(f-GSTT gy 25%). More H,O molecules can diffuse
onto the AA surface ahead of the diffusion of SO, and NO, and the excess H>O molecules combine

with the SO, and NO; on the AA surface to form corrosive species.

Table 1. Estimated self-diffusion coefficient (SDC) for SO,, NO, and H,O in
cell(f-GSTT.ps0) respectively.

Cells Penetrant Slope SDC (107*-cm*-s™")
H,0O 5.27 0.88
-GS NO, 3.99 0.66
SO, 2.81 0.47
H,O 4.26 0.71
NO, 2.93 0.49
f-GSTTs,
SO, 2.04 0.34
H,O 3.76 0.63
NO, 2.52 0.42
f=GSTT, g SO, 1.76 0.29
H,O 3.23 0.54
NO, 2.18 0.36
f-GSTT;sy, SO, 1.53 0.26
H,O 2.66 0.44
NO, 1.81 0.30
f-GSTTog SO, 1.26 0.21
H,O 2.05 0.34
NO, 1.37 0.23
f-GSTTs0,

SO, 1.06 0.18
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Figure 4. Mean-square displacement (MSD) (2\2) of (a) H,O; (b) NO; and (c¢) SO, as a
function of time and trend lines (straight lines) in cell(f-GSTTyy, 25%), respectively.
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The fractional free volume between the surrounding organic chains and the inside hybrid matrix
decreases in f-GSTT with the addition of TTB into the f-GS system, which is the main reason a TTB
modifier enhances the anticorrosion of the GS hybrid film. The free volume is responsible for the
existence of the microchannels in the hybrids, and the arranged the microchannels vary with the type
of hybrids and their density. If the free volume is reduced, the penetrants (NO,, SO, and H,O
molecules) cannot move from one dynamic nanopore to another and permeation rates decrease [15-18].
Introduction of TiO, into the fractional free volume or having TiO, modify the free volume without
occupying it, can reduce permeation in f~-GSTT. With the addition of TiO, into the f-GS system, the
rigid TiO, in the f-GS inhibits the intrasegmental (rotational) mobility of the chains and prevents the
creation of the momentary free volume, reducing the diffusivity of NO,, SO, and H,O in -GS,
blocking the formation of corrosive actions from NO,, SO, and H,O composing on the AA surface and
enhancing the anticorrosion of the GS hybrid film.

5. Conclusions

A series of new f-GSTTsy, 250, coatings were able to prepare and were tested by electrochemical
measurements with typical potentiodynamic polarization curves. The films coated on AA can provide
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substantially superior protection efficiencies than AA and f-GS without titanium dioxide or those
prepared with silica. Corrosion protection was determined from electrochemical measurements of
corrosion current density, /.o, showing in the potentiodynamic polarization curves. Analysis of the
film morphology revealed that f~-GSTTs¢, 250, had reduced micron-sized pores with increasing TiO,
loadings that ultimately result in denser and less permeable coatings.

The models of cell(f-GSTTy.25¢,) can be employed to investigate SDCs by MD simulation for the
SO,, NO, and H,0 molecules. The SDCs of SO,, NO; and H,O diffusing in f~-GSTTsv, 250, Were less
than the coefficients in f-GS due to (1) the decrease in the fractional free volume between the
surrounding organic chains and inside the hybrid matrix in f~-GSTTsy, 250, with the addition of TTB into
the -GS system; (2) the rigid TiO, in f~-GSTTse, 250 Which inhibited the intrasegmental (rotational)
mobility of the chains and prevented the creation of the momentary free volume.

The results of the MD simulation validated the corresponding anticorrosion experiment results.
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