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Abstract: Organic-Inorganic hybrid (OIH) derived by sol-gel process have emerged as promising
pretreatments alternative to conventional chromate-based systems for aluminum alloys.
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In this study novel organo-silane precursor has been synthesized from epoxy resin and amino-silane
compound and used as the primary component of OIH film. The effects of epoxy and silane functionality and
organic inhibitor used in the composition have been studied on corrosion resistance performance of
aluminum alloy (3003-H14). The study also investigates the performance of top coat (powder coating)
adhesion onto the pretreatment under different cure conditions. The chemical structure of sol-gel precursor
(epoxy silane) and the deposited films have been characterized by FTIR analysis. The corrosion protection
performance has been studied by electrochemical impedance spectroscopy (EIS), D.C. electrochemical
polarization measurements, and the accelerated neutral salt spray test (ASTM B117). This study shows that
by proper choice of precursor structure, functionality, processing conditions, and corrosion inhibitor amount,
it is possible to derive OIH films with corrosion resistance performance comparable to conventional Cr (VI)
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based pretreatments.

HIGH LIGHTS

. Uniform, defect-free, “green” organic-inorganic hybrid
pretreatments have been developed.

. GPTMS content and functionality of epoxy resin are
the key factors affecting stability time of sol-gel bath
and interaction with powder coating.

. Corrosion resistance property of OIH show synergist
enhancement by organic inhibitor.

. Corrosion protection of aluminum substrate has been
enhanced by formation of an efficient barrier to water
and corrosive agents.

. Single-cure cycle for curing of both pretreatment and
powder coating is not adequate.

. Corrosion resistance is comparable to conventional
toxic Cr (VI) based pretreatment.
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1. INTRODUCTION

Aluminum alloys are increasingly used as materials of choice
for many industrial, automotive and aerospace applications
because of their light weight and high strength combined with
many desirable mechanical properties. However, many
aluminum alloys are sensitive to serious corrosion problems
when exposed to corrosive environment [1, 2]. The sensitivity
of aluminum alloys for corrosion is also dependent on the
alloy composition. Therefore, it is common practice in
industry to use a multi-layer protective coating system for
corrosion protection. Typically these multi-layer protective
coating systems include a conversion pretreatment that is
applied directly on the bare metal surface followed by a
primer, and a top coat. The most common and effective
pretreatments used in such protective systems is chromate-
based conversion coatings (pretreatments) (CCC) [3, 4]. The
CCC provides corrosion resistance and good foundation for
adhesion of subsequent organic coatings, such as primer.
Thus, the role of pretreatment is very critical to the success of
the entire protective coating system.

Typically CCC consists of a salt of hexavalent chromium
compound along with other ingredients. The formation of
CCC is usually described as a redox reaction between
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oxidizing Cr (VI) ions and the substrate metal [5]. Chromate
oxidizing ions (CrO4*~ or Cr,07%") which are very soluble and
higher-valent transform to a lower-valent form that is
insoluble and create an extremely dense and protective film
[Cro03 or Cr(OH)3] [6]. The presence of small amount of free
Cr (V) ions in the CCC film are responsible for “self-healing”
in the event when CCC film gets cracked or ruptured; Cr (VI)
ions are believed to migrate to the exposed metal site and
reproduce coating.

While chromate-based pretreatments provide outstanding
corrosion inhibition, they are toxic and Cr (VI) is a known
carcinogen [7]. Besides, the Occupational Safety and Health
Administration (OSHA) studies have found that the
application of the hexavalent chromium presents significant
medical risks to users. The environmental and human health
impacts as well as the costs associated with such systems
have forced manufacturers to search for alternative non-
chromate systems [8-13]. Among the several chrome-free
conversion coatings developed for aluminum alloys, OIH films
derived by sol-gel process have been found very promising.
These systems have emerged as efficient, environmentally-
friendly and sustainable alternative to toxic heavy metal-
based systems [14-18]. Hybrid materials containing both
inorganic and organic components are expected to have
good capabilities because of the compatibility between top-
coat and substrate, caused by the existence of covalent
bonding or strong interactions at the interface [17].

OIH films provide good adhesion between metals and organic
primers by formation of functionalized films between metals
and organic primers that improves interaction between sol-gel
network and primers [19, 20]. The chemistry of silanes and
their mechanism of interaction with metallic substrates and
organic coatings show that silanes, besides providing the
adhesion between metal substrates and organic coatings,
also provide a thin barrier film against oxygen diffusion to the
metal interface [20].

In the present study, epoxy resin derived bis-silane
compounds have been chosen as primary sol-gel precursors.
Bis-silanes, by virtue of their six reactive functional sites, form
up to six silanol groups and hence increase the probability of
reactions of these silanol groups with —OH groups on the
metallic surface [21]. Bis-silanes tend to bond to metal
substrates more tightly than the mono-silanes. The former
with more alkoxide groups is able to develop a much denser
interfacial region through hydrolysis and condensation
reactions [22]. It was always observed in corrosion
performance tests that bis-silanes offered a much improved
corrosion protection than the mono-silanes on various metals
and alloys, such as Al and Al alloys, steels, Zn and Zn-coated
steels, Cu and Cu alloys, and Mg and Mg alloys [23, 24].
Epoxy resins are very versatile and are widely used in many
practical applications. Very often their properties can be
effectively modified by an addition of reactive silanes [25]. In
addition epoxy-silica hybrids show enhanced functional
properties compared to the neat epoxy networks [26, 27].
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Compared to the traditional chromate conversion treatments
the only major limitation of silane-based OIH is that, in
general, they do not provide an active protection to the
metallic substrate. In fact, when water and aggressive ions
reach the surface of the metal, OIH layers are not able to
ensure an active inhibition of the corrosion process as well as
chromates compounds [28]. To improve the protection
properties of the silane-based OIH layers, several attempts
have been made by adding organic or inorganic inhibitors to
OIH films [29, 30]. The addition of corrosion inhibitors to
pretreatments can enhance the interface stability by delaying
corrosion induced delamination at the damage sites [29, 31].
Many types of inhibitors have been used to increase the
corrosion protective properties of OIH films. Effectiveness of
inhibitors in the silane film depends on a number of factors
such as the solubility of the inhibitors, leachability of the
inhibitors, the permeability of the silane coating, and the
compatibility of the inhibitors [32, 33]. Direct addition into the
“sol” is simple way of doping inhibitor into the OIH network.
Inorganic inhibitors like cerium nitrate have shown the
positive influence on the corrosion protection of aluminum
alloys. Most of these inhibitors suppress aluminum corrosion
by covering the surface with passive films and by forming
complexes with the alloy. However, these inhibitors
negatively influence the pH and hence pot-life of the sol-gel
bath [34, 35]. Organic compounds and their inhibiting action
on corrosion of aluminum alloys have been evaluated in the
present study. Because of their inhibiting action towards
cathodic or anodic process, triazole and thiazole derivatives
as well as 8-hydroxyquinoline were studied as potential
corrosion inhibitors [36, 37]. The triazole organic inhibitor in
the silane film can react with the copper containing phases
and form Cu-triazole complexes thus making the copper un-
reactive to the corrosive medium. The inhibitor thus gets
immobilized at the reactive metal surface and gives a
reduction in the cathodic current density [32].

In the present study, a bis-silane type precursor has been
synthesized by reaction of epoxy resin and amino silane. OIH
films, with and without 2-mercaptobenzothiazole (MBT) as
corrosion inhibitor, have been deposited on aluminum alloy
test panels by controlled dip-coating application, followed by
thermal curing. The corrosion resistance properties of these
coatings have been studied by potentiodynamic polarization
study (D.C. Polarization), electrochemical impedance
spectroscopy (EIS), and accelerated neutral salt-fog test
(ASTM B117).

2. EXPERIMENTAL

2.1. Materials

Glycidoxypropyltrimethoxysilane (GPTMS) and Bis (3-
trimethoxysilyl-propyl) amine (Dynasylan 1124 ®) were
provided by Evonik Industries, USA. Heloxy Modifier 65®
glycidyl ether of p-tert butyl phenol (GEPTBP) (EEW=230)
and epoxy resin (Diglycidyl ether of bis-phenol-A (DGEBA)
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(EPON 828 ®, EEW=188) were supplied by Momentive,
USA. Brulin 815 GD, a proprietary detergent, was obtained
from Brulin & company Inc. IMPRESS® A6000 thermoset
powder coating was supplied from AkzoNobel, and 2-
mercaptobenzothiazole (MBT) (corrosion inhibitor) and other
chemicals and solvents were purchased from Sigma-Aldrich.
Aluminum alloy (AA3003-H14) panels were supplied by ACT
panels LLC, USA.

2.2. Methods

2.2.1. Corrosion Tests

2.2.1.1. Electrochemical Tests

The corrosion behavior of the specimens was analyzed using
Electrochemical Impedance Spectroscopy (EIS) technique
through a Gamry G300 potentiostat connected to a three-
electrode set-up (PTC1) consisting saturated calomel
electrode (SCE) as reference electrode, graphite rod as
counter electrode, and coated panels as working electrode.
For each sample an area of 14.6 cm? was exposed to 3.5%
NaCl solution as test electrolyte. EIS was performed in the
frequency range of 1-100 kHz using a frequency response
analyzer (Echem analyst). DC polarization curves were
analyzed using Gamry G300 potentiostat at a scan rate of 1
mV/s in the applied potential range from-0.4 to -1.2 V. The
three-electrode set-up (PTC1) and.5% NaCl solution as test
electrolyte has been used. The data extracted from
electrochemical analysis plots represent the average of
measurements on three samples.

2.2.1.2. Salt Spray Test

The powder coated samples with an artificial scratch were
characterized using Neutral Salt Spray (NSS) test, according
to ASTM B117 in order to monitor the loss of adhesion in the
cross section and corrosion progress in the cutting edge. The
scribes for salt spray test have a length of 10 mm and the
width about 0.1 mm. Each sample was repeated for three
times to confirm the repeatability of the results of the
experiment and average ratings have been reported.

2.2.2. Fourier Transform Infrared (FTIR) Spectroscopy

A Fourier transform infrared spectrometer (Bruker Tensor 27
and Opus 5.0 software) was used in mid-infrared range of
400-4000 cm™', with a resoluton of 4 cm™', for
characterization of the chemical structure of the silane
precursor and the OIH film. Approximately 1mg of sample

(cured in 120 °C) in powder form is well mixed into 200 to 250

mg fine KBr powder and then finely pulverized and put into a
pellet-forming die. A force of approximately 8 tons is applied
for several minutes to form transparent pellets then pellets
have been measured in FTIR mode. The test background
also was made with analysis of only KBr pellet inserted into
the sample chamber.

2.2.3. Morphology of Films

The surface morphology of the samples was evaluated by
using Scanning Electron Microscopy (SEM) Hitachi S 34000N
instrument. In order to minimize sample charge and e-beam
damage of the samples and increasing the secondary
electron emissions, samples were gold deposited by Denton
Vacuum instrument before scanning electron microscopy.

2.3. Synthesis of Epoxy-Silane Precursor

EPON 828 (16.54 g, EEW=188) and Heloxy Modifier 65 (5.51
g, EEW=230) and anhydrous ethyl alcohol (40 g) were placed
into a three-neck flask attached to a mechanical stirrer, water
condenser, heating system (heating mental, thermocouple
and temperature controller) and an inlet for dry nitrogen gas.
The solution was heated to 50 °C and bis (3-trimethoxysilyl-
propyl) amine (37.9 g) was added drop wise to the epoxy
resin solution from an addition funnel for 30 min. After the
addition of amine was complete, reaction was continued at
50°C for 5 h. The composition for three precursors A, B and
C are shown in Table 1.

The completion of reaction was followed by FT-IR
spectroscopy, by following disappearance of peak at 915 cm’
! corresponding to C-O deformation of epoxy ring associated
with epoxy group. Silane functionalized epoxy precursor was
obtained as clear and low viscosity liquid with solid content of
~ 60 % by mass. The representative structure of epoxy-silane
precursor (Heloxy 65 structure not shown) is shown in Figure
1.

2.4. Preparation of Sol-Gel Application Bath

Into a clean and dry 500 ml glass beaker, dry ethyl alcohol
and DI water (ratio 2:1 by wt) were mixed at room
temperature using a magnetic stirrer. Glacial acetic acid was
then added under stirring to bring pH of the mixture to ~4.00
followed by addition of epoxy silane precursor. GPTMS was
hydrolyzed in a separate beaker under stirring; with similar
bath composition containing ethyl alcohol and DI water and
Glacial acetic acid, for 5 h. The final sol-gel application bath
was then prepared by mixing slowly under stirring, the

Table 1:  Precursor Composition
Parts by Weight (g)
Precursor Ratio DGEBA/GEPTBP
EPON 828 Heloxy 65 Ethanol bis (3-trimethoxysilyl-propyl) amine
A 100/0 21.30 --- 40.00 38.70
75/25 16.50 5.50 40.00 38.00
C 50/50 11.40 11.40 40.00 37.20

Corrosion Protection of Aluminum Alloy by Sol-Gel Derived
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hydrolyzed GPTMS solution and epoxy silane precursor
solution. Table 2 shows the components and their quantities
(9) in the final sol-gel application bath. Mercaptanbenztriazol
(1, 2, and 3 % by mass of bath solids), dissolved in small
quantity of acetone, was then added to sol-gel application
bath under stirring. After 1h, test panels were applied by dip-
coating method.

HsCO OCH;
H,CO— St N SiZ—0CH;
H,CO OCH,

OH
R'
HO
H,CO OCH;
* . I/\/\ /\/\ S
H;CO—Si N Si—OCH;
HsCO OCH,

i
_°OTO°_
CHa

Figure 1: A representative structure of epoxy-silane precursor.
2.5. Preparation of Test Panels

Aluminum alloy panels were degreased and chemically
etched before application of pretreatments as per the
following process. In the first step, panels were scrubbed with
a sponge side of Scotch Brite ® pad dipped in a 10:1 mixture
of tap water and Brulin 815GD at room temperature, followed
by tap water rinsing and checking for “break-free” test by
immersion in de-ionized water. The test panels then received
5 minutes immersion in the tap water/ Brulin 815 GD (10:1)
circulating bath heated to 65 °C, and then rinsed by 10 dunks
in tap water immersion, followed by spraying of low pressure
de-ionized water. Panels were then immersed in a circulating
de-oxidizing bath for 2 minutes, and then 10 dunks immersion
in tap water followed by low pressure spray of de-ionized
water. Deoxidizing bath contained 35% butyl alcohol, 25%
isopropyl alcohol, 18% phosphoric acid, and 22% de-ionized
water (by vol.). Panels were placed vertically in a panel
stacker for drying and OIH pretreatments were applied within

6 h. In order to avoid the variations that may be caused by
pretreatment process, all the panels were prepared by the
above described method in a single lot.

2.6. Application of OIH Film

All pretreatments were applied at room temperature (25-30
°C) wusing an automatic dip coater (PTL-200, MTI
Corporation), at an immersion/withdrawal speed of 15-17
cm/minutes, with a residence time of 15-20 seconds. After
the application, the panels were placed vertically in a panel
stacker for 15 minutes of air drying, followed by 30 minutes of
thermal curing in an air circulating oven at 120 °C. Some test
panels studied were not only air-dried and not thermally
cured. The typical dry-film thickness obtained were ~ 5-7
microns, as measured by SEM images.

2.7. Application of Powder Coating

A thermosetting epoxy-polyester clear powder coating, as a
topcoat, was applied on pre-treated thermally cured as well
as air-dried test panels. The powder coating was applied
using an electrostatic spray gun (Nordson) using compressed
air pressure of 10-15 psi. After application of powder coating,
panels were cured in an air-oven at 180°C for 30 minutes.
The average dry-film thickness of complete coated system
was ~ 70 microns.

3. RESULTS AND DISCUSSION
3.1. Film Formation

Silane based OIH films were deposited by a two-step acid
catalysed sol-gel process. The first step is hydrolysis of
GPTMS and epoxy-silane precursor, wherein the majority of
alkoxy silane groups are hydrolyzed to silanol groups (sol)
with formation of corresponding alcohol. In the second step,
silanol groups are condensed to form siloxane linkages (gel)
with formation of water or alcohol as by products. Thus,
organic-inorganic hybrid network is formed by complex sol-
gel reactions (Figure 2). It should be noted that that while
“sol” formation (step-l) takes place in the application bath, the
majority of the “gel” reaction (step-ll) occurs on the substrate
and requires higher temperature for high extent of
completion. Therefore, test panels, after intial air-drying were
subjected to thermal curing for 30 min at 120°C.

GPTMS has been included in the composition with two-fold
intended benefits. GPTMS is an organofunctionalized silane

Table 2:  Sol-Gel Application Bath Compositions
Parts by Weight
. . Epoxy-silane precursor Ethanol DI water Acetic acid
Epoxy silane precursor solution
20.00 50.00 25.00 ~5
GPTMS Ethanol DI water Acetic acid
GPTMS solution
20.00 50.00 25.00 ~5
32 Niknahad et al.
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Figure 2: Representative structures of (a) hydrolyzed GPTMS, (b) hydrolyzed precursor, (c) simplified sol-gel reactions leading to hybrid

network formation.

composed of a short carbon backbone with an epoxy
functionalized tail and a Si atom substituted with three (-O—
CH3) groups It is expected to form cross-links through silanol
groups and integrate with the epoxy-silane hybrid network.
The glycidyl groups of GPTMS present on the OIH network
would chemically react with appropriate functional groups of
the top coat and hence enhance intercoat adhesion between
pretreatment and topcoiat. In the present study, the caroxylic
acid groups of the top coat (epoxy-polyester powder coating)
would react with the surface glycidyl groups of the
pretreatment forming covalent ester linkages, as depicted in
Figure 3.

3.2. Chemical Structure of Precursor

Epoxy-silane precursor used in this study has been designed
with the requirements of solubility in ethanol/water mixture,
bath stability, and chemical structure that provides good
barrier properties of the cured OIH films. Our attempts to
prepare epoxy-silane precursor simply by reaction of DGEBA
and bis-(3-trimethoxysilyl-propyl) amine (amino silane)
resulted in poor bath stability during the initial experimental
trials, and it was found necessary to use other mono-
functional epoxide compound/s in conjunction with DGEBA to
increase the bath stability time for efficient processing. In the
synthesis of precursor, the epoxy compounds were reacted,

Powder Coating
/ =} 5
o
?—OH - O:(O
o €— S —
HO% Og OH
OIH pretreatment
Si Si O:gi Si Si Si Si Si
| I pr | I
@) o o o o] o] o o
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| | | | | | | |
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Metal
___.._-"".—-—_-

Figure 3: Interaction of OIH film with top coat and metal.
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Figure 4: FTIR spectra epoxy-silane precursor.

in stoichiometric ratio, with amino-silane in presence of
ethanol as a solvent. Reaction was monitored by following
amine and epoxy content of the reaction mixture using FT-IR
spectroscopic technique. FT-IR spectrum of epoxy-silane
precursor is shown in Figure 4. The absence of any
absorption peak at near 915 cm'1corresponding to C-O
deformation of epoxy ring confirms the consumption of all
epoxy groups. Absence of N-H stretching peak around 3250
cm” to 3400 cm™ revealed that secondary amine groups of
amino-silane have been reacted completely. A strong
absorption peak at 1085cm”’ corresponding to Si-O linkage is
evident of presence of methoxy silane functions (Table 3).

Table 3: Infrared Characteristic Absorption Bands of Epoxy
Silane Precursor
Functional group Wave number (cm'1)
Si-0 1085
C-H Aromatic 2939-2969
C-H Aliphatic 2838
O-CH3; Asymmetric vibration 799-1249
C=C Aromatic 1512

3.3. Bath Pot-Life

The term of bath pot-life refers to the longest time that bath
solution remains fluid and usable by dip application method.
In the present study the silane-precursor A which is made
with only DGEBA and Bis (3-trimethoxysilyl-propyl) amine,
with 12 Si-OCH3 groups showed very short bath pot-life of
only a few minutes. Therefore, a part of DGEBA was
replaced with lower functional epoxide, GEPTBP, so that
average silane functionality of the precursor can be reduced.
The precursors B and C replacing 25 wt. % and 50 wt. % of
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DGEBA by GEPTBP showed marginal improvement in the
bath pot-life. In order to facilitate efficient application, bath
pot-life were further improved by addition of GPTMS (pre-
hydrolyzed), as shown in Figure 5. Bath pot-life mainly
depends on the nature of silane precursor, silane functionality
(number of Si-OR groups), pH, alcohol/water ratio,
temperature and concentration of precursor [38-41]. These
factors can be controlled to balance bath pot-life and
performance of OIH films. For the precursor C, when a part of
DGEBA was replaced with lower functional epoxy, silane
functionality reduced and bath stability time had been
increased tremendously to one week. This composition has
been used for further study.

3.4. Morphology of Films

Prior to the investigation of corrosion protection the surface
morphology and appearance of the different pre-treatments
were characterized by scanning electron microscope (SEM).
Figure 6 shows representatve SEM images of bare
aluminum alloy surface (Figure 6a) and a pretreated surface
(Figure 6b). It is evident that surface of the bare aluminum
alloy shows roughness due to the inter-metallic particles,
whereas the pretreated surface shows very smooth
topography showing uniform deposition of sol-gel hybrid film.
More important, however, is to verify if the pre-treatment is
able to give sufficient protection properties. For this purpose,
electrochemical impedance spectroscopy measurements
were performed.

3.5. Electrochemical Tests

3.5.1. DC Polarization

The results of the potentiodynamic polarization
measurements of OIH pretreatment containing 3% inhibitor,

Niknahad et al.
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W 50% GPTMS
B 0% GPTMS
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Figure 5: Observed bath pot-life for different precursors.

Figure 6: SEM images of aluminum alloy substrate (a) blank and (b) pretreated surfaces from 25% solid content sol-gel bath.

after one week of exposure to electrolyte, are shown in
Figure 7. The appropriate parameters determined after Tafel
fitting are given in Table 4. As expected, the OIH pretreated
samples showed good corrosion protection as indicated by
their lower lcorr compared to that for bare substrate.

0.2
——— OIH film without inhibitor
= QIH film Containing inhibitor
0.4 Bare Aluminium
=
2 .06
>
0
ES
a'—l) 8+
o "0
>
-1.04

10" 10*  10° 107 10°  10° 10" 107 107
Current Density (A/cm2)

Figure 7: Comparison of polarization data for OIH films with and
without inhibitor and bare test panel after one week exposure to
3.5wt% NaCl solution.

The DC polarization curves of OIH filims with varying
concentration of MBT are presented in Figure 8. Addition of

Corrosion Protection of Aluminum Alloy by Sol-Gel Derived

small amounts of this organic inhibitor to the pretreatment
shifted the Ecor to cathodic potentials, indicating that this
inhibitor act as cathodic inhibitor by suppressing the cathodic
reduction reaction. The tests were carried out after exposure
to 3.5 % NaCl solution for 24 h.

Table 4: Results of the Potentiodynamic Polarization
Measurements for OIH Pretreatments with and
without Inhibitor and Bare Panels after One Week
Exposure to 3.5wt% NaCl after Tafel Fit

Sample Type leorr(Afcm?) Econ(mV vs. SCE)
Bare AA 3003H14 35.70x 10° -957.0
OIH pretreatment-0% inhibitor 742 x 10° -919
OIH pretreatment-3% inhibitor 27.9x 10° -631

As can be seen from Table 5, the corrosion current (lcorr)
values for inhibitor-doped OIH films are significantly lower
than that without inhibitor. Furthermore, with increasing
inhibitor level to 2% and above, there is an order of
magnitude increase in polarization resistance and drop in
corrosion current density. This clearly shows the
effectiveness of MBT as corrosion inhibitor in OIH systems.
Figure 9 shows images of the test panels after 20 days
exposure to 3.5% NaCl solution. Again, the corrosion inhibitor
(MBT)-doped sample showed little or no corrosion whereas
that without MBT showed significant corrosion, discoloration
and pit formation. These results indicate that inhibitor
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effectively protect the aluminum alloy in corrosive

environment for extended period of time.

-0.2

s W11% inhibitor
— Wi2% inhibitor
— WI3% Inhibitor

0.4 m— without inhibitor

-1.04

_1-2 Ko Aurarmg, LINNG AR . S CXFERE ToLEERNY. o RTErrey  E X LLANY N XN
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Current Density (A/lcm2)
Figure 8: Potentiodynamic scans of pretreated panels without

inhibitor and with (1, 2, and 3%) inhibitor after 24 h exposure to
3.5wt% NaCl solution.

Table 5: Numerical Results of DC Polarization Tests Obtained
from the Fitting of the Tafel Plots
Sample Type leore (Alcmz) Ecorr (MV vs. SCE)
OIH Pretreatment (0% inhibitor) 26.80 nA -761.0 mV
OIH Pretreatment 1%inhibitor 8.280 nA -675.0 mV
OIH Pretreatment 2%inhibitor 4.810 nA -601 mV
OIH Pretreatment 3%inhibitor 2.340 nA -551.0 mV

In general, coatings reduce metal corrosion by two
mechanisms: passive corrosion protection and active
corrosion protection [30]. Passive protection is normally
provided by a barrier film that prevents contact of corrosive
species with the metal surface and therefore hinders
corrosion process. However, when a defect is formed in the
barrier layer, the coating cannot stop corrosion in the
damaged area. In the active corrosion protection it employs

inhibitive species that can decrease corrosion activity. An
important point is that both strategies must be used together
to adequately protect the metallic substrate [42]. The
incorporation of organic corrosion inhibitors into hybrid filims
has been realized as a result of physical entrapment of the
inhibitor within the OIH film at the stage of film formation and
cross-linking [36].

3.5.2. EIS Study

Electrochemical impedance measurements were carried out
to characterize the cured OIH films. Figures 10 and 11 show
the Bode plots after 24 h and one week of immersion in 3.5wt
% NaCl solution, respectively. The barrier properties of the
thermally cured films show the best results, probably due to
the dense and stable Si-O-Si network. On the other hand,
ambient temperature cured sample showed a decrease in low
frequency impedance modulus indicating poor barrier
properties.

It is important to recognize that when exposed to aggressive
corrosive environment, films that provide merely barrier
protection are not adequate for long term protection. The
presence of inhibitor in such films can hinder the progress of
corrosion as shown in Figure 11. In the high frequency range,
the magnitude of impedance of the inhibitor-doped OIH film
has been found to be one order of magnitude higher than that
for pretreatment without inhibitor. The plateau height of Bode
curve at the low frequency region can be associated with the
corrosion resistance of a sample. The magnitude of the
impedance of the inhibitor-doped OIH film is found to be at
least one half-order of magnitude higher than that without
inhibitors, indicating higher corrosion resistance for the
pretreatments containing inhibitor.

The quantification of characteristic values such as resistance
or capacitance of particular elements of the pretreatment
system was carried out by numerical fitting of the impedance
spectra. Appropriate equivalent circuits based on the physico-
chemical model of the corrosion process were used to study
different stages of film degradation and corrosion related
phenomena. The equivalent circuit used in this study is
shown in Figure 12 [43].

Figure 9: Pretreated panels (a) with and (b) without organic inhibitor after 20 days exposure to 3.5wt% NaCl solution.
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Figure 11: Bode modulus after one week of immersion in 3.5 wt.%
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Figure 12: Equivalent circuit used to fit the experimental EIS data
(R.E.: reference electrode, W.E.: working electrode, C: Capacitance,
R: resistance, sol: solution, f: film, i: interface).

Rsol is the resistance of the solution, Rf and R; are the pore
resistance and charge transfer resistance of OIH film
respectively. Crand C; are the capacitance and double layer
capacitance of OIH films respectively. Figures 13 and 14
show the evolution of the resistance and capacitance for the
OIH films respectively, during immersion in 3.5wt % NaCl

Corrosion Protection of Aluminum Alloy by Sol-Gel Derived

solution. These figures reveal that protective properties of the
OIH films are dependent on the incorporated inhibitor. These
results represent the average of 3 measurements. The plots
show the highest resistance Ry at the beginning of immersion
in corrosive solution, and the fastest decrease of the pore
resistance occurs during the first 24 h of immersion, which
can be explained by penetration of corrosive species like
water and chloride ions through the pores. Higher resistance
of OIH films containing corrosion inhibitors reveals the
suppression of corrosion of substrate due to lower
concentration of the active corrosion sites. The capacitance
raise indicates film degradation that may result from a
decrease of the layer thickness or increase of the dielectric
constant due to water uptake of film. The capacitance of film
contains corrosion inhibitor also shows an increase; however,
it is much slower in time. Probably due to a very low film
thickness, the change in film capacitance which is directly
related to film water uptake is not noticeable.

The parameters for the ambient temperature cured and
thermally cured films have been analyzed in order to assess
the effect of curing temperature on the corrosion protection
properties (Table 6). The capacitance of the OIH films cured
at 120 °C (system A) is found to be lower than that of ambient
temperature cured (system B) after one-week immersion in
the 3.5% NaCl solution. In general, the capacitance of a
dielectric film depends on the amount of absorbed water. The
data exhibits that room temperature cured film uptake water
faster than thermally cured films. Thermal curing produces a
stable and compact hybrid film due to higher crosslink density
which decreases the permeability of the film toward water
molecule and corrosive species. This trend can also be seen
for capacitance at the interface of film and substrate. R¢
characterizes the crack ability and porosity of the hybrid film.
The data pertaining to Rf and R; show that the thermally
cured film (system A) has higher pore and interface
resistance compared to that cured at ambient temperature.

3.6. Salt Spray Test

In order to evaluate the capability of the OIH films to provide
good inter-coat adhesion between the pretreatment and the
top coat, the pretreated samples were coated with a clear
thermoset powder coating. We also investigated if the
thermal curing of OIH films, prior to application of powder
coating, affects the inter-coat adhesion between pretreatment
and powder coating films. An epoxy-polyester powder coating
was applied on both air-dried and thermally cured OIH
pretreated samples. After application of powder coatings, test
panels were cured at 180C for 30 min. in an air-circulated
oven. These test panels were scribed and then subjected to
neutral salt spray test up to 2000 h. The images of the test
panels after salt spray test exposure for varying length of time
are shown in Figures 15-17. After the exposure, the test
panels were observed and rated for their corrosion
performance on a OP-10P scale (scale developed internally),
with OP being very poor and 10P being highest corrosion
resistance.
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== OIH film without Inhibitor

=== OIH film with Inhibitor

1.20E-07
1.00E-07 :/‘—'ﬁ
8.00E-02
ce 6.00E-08 /
[Ffem2]
4.00E-08
2.00E-08
0.00E400
1 2 3 4 ] 7
Immersion time (days)

Figure 14: Evolution of the capacitance C;of OIH films during immersion in 3.5 wt %NaCl solution.

Table 6: Numerical Data Obtained from the Fitting of Equivalent Electrical Circuit after One Week Immersion in 3.5wt% NaCl
R¢ R Cs C;
Treatment 2 2 2 2
ohm.cm ohm.cm Flem Flem
+2 -9 -9
A: Thermal cured OIH film 350.3 7.26 x 10 676 x 10 37.68 x 10
(std=0.9) (std=0.7) (std=0.6) (std=0.8)
-9 -9
B: Room Temperature cured OIH film 3.863 2.398 3169x 10 57.46x 10
(std=0.5) (std=0.5) (std=0.6) (std=0.9)

The ambient temperature cured OIH pretreated samples
showed clearly visible corrosion and film detachment,
especially near the scribed region. However, thermally cured
samples showed much higher corrosion protection, with only
a few corrosion spots (Figures 15 and 16). This observation
clearly shows that air-dried pretreatments did not form dense

OIH network (insufficient cure extent) and hence could not
provide good corrosion resistance, compared to the thermally
cured pretreatments.

The results of salt-spray test also provided important
information about the effectiveness of the MBT as corrosion

Figure 15: Powder coated room temperature cured OIH samples without inhibitor after (a) 500 h, (b) 1000 h, and (c) 2000 h.
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(a) (b)

(c)

Figure 16: Powder coated thermal cured OIH samples without inhibitor after (a) 500 h, (b) 1000 h, and (c) 2000 h.

(a)

(b) (c)

Figure 17: Powder coated (a) room temperature cured OIH film containing inhibitor, (b) thermal cured OIH film containing inhibitor (c)

Chromated after 1000 h.

inhibitor. The OIH films without inhibitors show the first
corrosion signs after 500 h exposure in salt spray test for the
ambient temperature cured samples and after 1000 h for
thermal cured ones. The further corrosion spots appeared
after 1000 h exposure and rapidly accelerated then onward
up to 2000 h. The presence of MBT is believed to inhibit the
propagation of the corrosion processes up to 2000 h
exposure. The chromate pretreated test panel was also
exposed to salt spray as a control (Figure 17). The chromate
conversion coatings, as expected, showed the highest
corrosion protection, with rating of 10P.

CONCLUSION

In this study corrosion protection performances of the
chromate-free sol-gel derived OIH pretreatments based on
epoxy-silane precursor have been evaluated. The
composition and hence functionality of the precursor has
been found to be an important factor affecting bath pot-life.
The results of the electrochemical study showed good barrier
properties of OIH films, especially when cured at 120 °C.
Curing is believed to lead to the formation of a dense and
compact OIH film with improved barrier properties. In
addition, these OIH films when loaded with optimum amount
of inhibitor (MBT) provide synergistic improvement in
corrosion resistance.
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