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Current coatings for air-

craft corrosion protection

are based on chromate sur-

face treatments, primers,

and topcoats. One ap-

proach to developing a

chromate-free surface

treatment is through the

use of sol-gel materials that interact strongly

with both the substrate and the subsequent poly-

mer layers. Results are reported here on a new

sol-gel technique using a pre-formed, self-assembled,

nano-phase particle (SNAP) sol-gel system. SNAP

films have been investigated by infrared spectros-

copy, atomic force microscopy, and electrochemi-

cal methods. Potentiodynamic polarization and

electrochemical impedance spectroscopy demon-

strated that the SNAP system generates high

quality, defect-free, durable films. Formulation

parameters, including crosslink density and cou-

pling agent application, were optimized based on

experimental results.

INTRODUCTION

Corrosion protection of aluminum-skinned aircraft
and development of improved environmentally
benign surface treatments for aluminum aerospace

alloys are high priority topics for U.S. Air Force research.
To date, the corrosion inhibition of aluminum alloys has
relied extensively on hexavalent-chromium compounds
included in both surface preparation, cleaning materials,
and organic primers. However, the toxicity and carcino-
genic properties of chromium has caused federal agen-
cies, in particular the EPA, to impose severe restrictions
on its use.1 Changing federal regulations dictate the use
of fundamentally new coating systems that are capable
of meeting the new environmental standards. Much em-
phasis in recent years has been placed on modifying
existing processes or developing new methods that are
more environmentally acceptable than current practices.

The long-term goal of the U.S. Air Force, as expressed
in its Coating Systems Strategy,2 requires environmen-
tally benign corrosion protection with the capability of
performance over 30 years of service. This high perfor-
mance corrosion protection requires a substantial basic
research effort to establish materials and processing ca-
pable of meeting the life cycle requirements. The use of
sol-gel based surface treatments and coatings for corro-
sion protection of aluminum alloys is being investigated
by several researchers and offers great promise for meet-
ing the above performance benchmark.3-5 The results
reported here describe a novel application of sol-gel
chemistry to prepare nano-structured coatings that ex-
hibit excellent barrier properties.

One factor that would contribute significantly to at-
taining a 30+ year coating stability is improving the
hydrolytic stability of a coating system. Surface treat-
ments that enable strong covalent bonding at the metal
oxide/organic coating interface could dramatically im-
prove the long-term hydrolytic stability.6,7 One approach
to such robust interface bonding is through the applica-

tion of sol-gel coatings, which can provide inorganic
functionality for bonding to the metal substrate and
tailorable organic functionality for interaction with sub-
sequent polymer layers. The thickness of sol-gel films
used in these types of applications varies but is often on
the order of 0.5 to 5 mm.8,9 As well as providing tenacious
adhesion, densified sol-gel coatings can also provide
substrate protection in the form of anti-corrosion barri-
ers.10,11 Such environmentally benign surface treatment
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coatings could replace the current chromate surface treat-
ment, allowing chromate reduction. These surface treat-
ments are intended to be used with primers containing
corrosion inhibiting pigments to provide complete, high-
performance, corrosion protection systems.

A large amount of sol-gel research, including the work
presented here, is based on silicon precursors because of
their balance of reactivity and ease of handling, as well
as their ready availability.12 Silane sol-gel chemistry con-
sists primarily of hydrolysis and condensation reactions
of alkoxysilane precursors that form nano-porous gels as
the reactions proceed. The hydrolysis reactions are typi-
cally catalyzed by acid or base conditions, producing a
hydrolyzed silanol of the general form (RO)xSi(OH)4-x

and an alcoholic by-product as shown in simplified form
in Scheme 1. Subsequent condensation reactions occur to
form siloxane bridges resulting in a substantial increase
in molecular weight. One possible condensation reaction
is shown in Scheme 2. It should be noted that a large
number of similar hydrolysis and condensation reac-
tions are possible.

The extent of hydrolysis that occurs before condensa-
tion is a function of the catalysis conditions, solvent, and
water content.13 As the condensation reactions proceed,
an inorganic network polymer results from polysiloxane
formation. The polycondensation reactions occur repeat-
edly, until the active silanol sites have formed a high
density of siloxane bridges, usually slowing when a rigid
gel is formed.

In both the hydrolysis and condensation reactions, a
low molecular weight by-product is produced. The dry-

ing process for the sol-gel material requires that the
alcohol and water escape as the gel solidifies. This evapo-
ration process results in voids and channels throughout
the solid gel so that the resulting porous material does
not provide an optimal barrier to protect against sub-
strate corrosion. High-temperature post-processing is
often required to produce dense materials from sol-gel
precursors.12 However, in many applications, including
the application of extended lifetime coating systems to
existing aircraft, high-temperature processing is not pos-
sible.

This paper describes the coating formation, barrier
properties, performance, and morphology of silicon-
based sol-gel coatings that are formulated to provide
thin, dense films utilizing only ambient temperature pro-
cessing. These systems are based on nano-scale sol-gel
particles, which are pre-formed in solution. This self-
assembled nano-scale particle (SNAP) system relies on
standard organic crosslinking reactions to form the film
after application. An idealized model of the films formed
by this process is shown in Figure 1. By pre-forming the
sol-gel particles, the SNAP system does not rely on the
pore forming hydrolysis and condensation reactions for
curing. This results in improved film density and barrier
properties. In this work, the barrier properties of the
SNAP coating are investigated as a function of the
crosslink density and the coupling agent. A study of the
solution chemistry and formation processes of the SNAP
particles is beyond the scope of this paper and will be
published separately.14

EXPERIMENTAL

Coupons of Al 2024-T3 (2 in. ´ 3 in.) were cleaned in a
standard four-bath cleaning process. The first step was a
10-minute immersion in Oakite® Aluminum Cleaner 164
(alkaline detergent, Oakite Products, Detroit, MI) with
moderate air agitation at 55-60°C. The second step is a
two-minute immersion in distilled water at 50°C. The
third step is a 10-minute, room-temperature immersion
in Turco Smut-Go NC-B deoxidizer (Turco Products,
Westminster, CA) with moderate nitrogen agitation. The
final step is an immersion in room-temperature distilled
water for two minutes. To reduce bath contamination,
the substrates are rinsed with flowing distilled water
briefly before the second and fourth steps. Finally, the
substrates are blown dry with compressed air and stored
covered until use, typically one week or less.

The chemical structures of the major species used in
the SNAP system are shown in Figure 2. SNAP solutions
were made by drop-wise addition of glycidoxypropyl-
trimethoxysilane (GPTMS) and tetramethoxysilane
(TMOS) in a 3:1 ratio to a dilute solution of acetic acid in
doubly distilled deionized water. The solution was con-
tinuously stirred during the addition. After all of the
silanes had been added, the solution was aged in a cov-
ered container while still stirring for a given length of
time. After the aging period, the SNAP solution was
ready for addition of the coupling agent solution,
crosslinking agent (diethylenetriamine, DETA), surfac-
tant (3M FC-430 and FC-171), and diluent (water). Upon

Scheme 1

Scheme 2

Figure 1—Proposed model of crosslinked SNAP
films on an Al 2024-T3 substrate.
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addition of these materials, the solution was immedi-
ately applied to the substrate. SNAP solution was ap-
plied to cleaned aluminum alloy panels by dip-coater at
a speed of 0.2 cm s-1. Coated panels were air dried over-
night before any analysis was performed.

Concentrations of the crosslinking agent were varied
to ascertain their optimum concentration and role within
the SNAP system. The amount of amine crosslinking
agent was studied based on the stoichiometry between
the epoxide functionality present in the SNAP and the
amount of diethylenetriamine (DETA) on a molar basis.
Stoichiometries of 33, 16, 6.7, and 3.3 moles of epoxide
per mole of DETA were investigated for the SNAP sys-
tem using a pre-applied coupling agent. These ratios
were chosen based on the five reactive hydrogens present
on each DETA molecule and correspond to epoxide:reactive
H ratios of 6.6, 3.2, 1.3, and 0.66 respectively.

Three types of SNAP coated aluminum panels were
prepared. The nomenclature used for these samples is
presented in Table 1. Samples labeled NA were prepared
without any coupling agent and represent a baseline for
the SNAP system. The GA samples included a coupling
agent prewash on the aluminum alloy substrate. The
prewash coupling agent solution was made by hydro-
lyzing 4.4 mL glycid-oxypropyltrimethoxysilane
(GPTMS) in 72 mL of 0.05 M acetic acid for 30 min. The
GA samples were prewashed with the coupling agent by
immersing the aluminum alloy substrate in prewash
solution for two minutes. The coupling agent provides a
strong chemical interaction between the SNAP system
and the substrate, which should enhance the hydrolytic
stability of the coating system. The treated panels were
then allowed to dry for an hour before application of the
SNAP solution. The GG system incorporates the cou-
pling agent directly into the SNAP solution just prior to
coating application. This simplifies the application pro-
cess.

Infrared spectra of the SNAP coatings on aluminum
alloy 2024-T3 panels were obtained using a Bruker Equi-
nox 55 Fourier transform infrared spectrometer equipped
with a liquid-nitrogen cooled, mercury cadmium tellu-
ride (MCT) detector. Spectra of SNAP films were ac-
quired with a resolution of 4 cm–1 using a variable angle
specular reflectance accessory set to 30° and are pre-
sented as log(1/Reflectance) versus a gold mirror back-
ground. Spectra of the coupling agent on the substrate
were acquired using the same accessory at a grazing
angle of 80° and a wire grid polarizer. The spectral reso-
lution of these measurements was 2.0 cm–1. These spec-
tra were ratioed against a background of polished Al
2024-T3 substrate cleaned by sonication in methanol to
minimize background differences.

Potentiodynamic scan (PDS) and electrochemical im-
pedance spectroscopy (EIS) were used for evaluation of
the protective properties of SNAP films. Detailed de-
scriptions of these electrochemical techniques can be
found elsewhere.15,16 These methods are widely used for
evaluating the corrosion protection provided by coat-
ings. Each coating system was evaluated in triplicate for
corrosion protection using the PDS technique. Experi-
ments were performed on a Gamry PC3/300 potentiostat
coupled with Gamry corrosion measurement system

CMS100 and CMS105 software. Coatings were immersed
in dilute Harrison’s solution (0.35 wt% (NH4)2SO4 and
0.05 wt% NaCl) five minutes prior to the test. This mix-
ture of electrolytes is considered to closely emulate at-
mospheric environment for aircraft.17 An area of 1 cm2

on the surface of the film was masked off with electro-
chemical tape, thus fixing the size of the exposed area. A
removable glass cylinder (1” ID) was attached to the
panel using a metal clamp and a rubber o-ring. A plati-
num mesh counter electrode and saturated calomel ref-
erence electrode (SCE) were utilized in a three-electrode
configuration. PDS was acquired in the region from
–200 mV vs. Eoc (open circuit potential) to +400 mV vs.
Eoc.

EIS tests were performed in triplicate on a Gamry
PC3/300 potentiostat coupled with Gamry corrosion
measurement system CMS100 and CMS300 software.
Coatings were immersed in dilute Harrison’s solution
(0.35 wt% (NH4)2SO4 and 0.05 wt% NaCl) 30 min before
the data acquisition process started. An area of 1 cm2 on
the surface of the film was masked off with electro-
chemical tape, thus fixing the size of the exposed area. A
piece of PVC pipe (1½ in. ID) was attached to the surface
using Marine Goop™ adhesive (propylacetate and pe-
troleum distillate). The glue was allowed to air dry for at
least 24 hr before any solution was poured into the cell.
A platinum mesh electrode and an SCE reference elec-
trode were used in a three-electrode electrochemical cell.
The electrode arrangement is identical to the PDS cell
setup. EIS spectra were acquired in the frequency range

Table 1—Sample Composition

Label Coupling Agent Crosslinker

NA ........................... None DETA
GA .......................... Prewash DETA
GG .......................... Added to SNAP DETA

Figure 2—SNAP precursors (A) TMOS, (b) GPTMS,
and (c) DETA.
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from 5 kHz to 10 mHz with 10 mV applied ac potential
(vs. Eoc). The standard criteria were used for evaluating
the EIS results.18 Impedance values of above 1 ´ 109 W
cm2 are indicative of coating systems affording excellent
barrier protection. Coatings with modulus values below
1 ´ 106 W cm2 are considered poor, and |Z| values
between 1 ´ 106 and 1 ´ 109 W cm2 indicate a good
coating.

The atomic force microscope (AFM) images were ac-
quired on a Digital Instruments Multimode Nanoscope
III AFM in tapping mode. The J scanning mode was used
with a maximum scan range of 125 µm2. Images were
acquired in soft and hard tapping modes. In soft tapping
mode, the ratio of the tapping amplitude during scan-
ning, A, to the free tapping amplitude, Ao, is 0.9. In hard
tapping mode, (A/Ao) is equal to 0.5.

RESULTS AND DISCUSSION

Crosslinking Agent

Concentrations of the crosslinking agent and coupling
agent were varied to ascertain their optimum concentra-
tion and role within the SNAP system. The amount of
amine crosslinking agent was studied based on the sto-

ichiometry between the epoxide functionality present in
the SNAP and the amount of diethylenetriamine (DETA)
on a molar basis. The amine should be the limiting re-
agent in the crosslinking reaction so that there is a residual
epoxide concentration for reaction with subsequent paint
layers.

Figure 3 shows a series of infrared reflection spectra of
SNAP films prepared with increasing amounts of
crosslinking agent. Two spectral features due to the Si–O
stretching motion of siloxane linkages in the SNAP coat-
ing are observed around 1086 and 1032 cm–1. The C–H
stretches of the organic component of the SNAP coating
including the epoxide group appear between 3060 and
2800 cm–1. The C–H stretches that identify the epoxide
appear as weak peaks at 3056 and 2997 cm-1. A third
peak at 1255 cm–1 is assigned to the symmetric ring-
breathing mode of the epoxide ring. These three bands
show that there is residual epoxide present up to an
epoxide to DETA mole ratio of 6.7 to 1. These spectro-
scopic results suggest that all five of the active hydrogen
sites on the nitrogen atoms of the DETA undergo
crosslinking reactions including the typically less reac-
tive secondary amine.

As the amount of the amine crosslinking agent is
increased in the SNAP formulation, bands characteristic
of the C–N–C and N–H appear at 1132, 1580, and 2780
cm–1. The very intense band at 1132 cm–1 is assigned to
the C–N–C stretch and is partly due to the linkages that
are formed during the curing process. The 1580 and 2780
cm–1 bands are due to molecular motions involving the
N-H bands of the amine and are indicative of unreacted
crosslinking agent.19 These bands are most readily ob-
served in Figure 3(d) which corresponds to the formula-
tion with the largest excess of crosslinking agent.

Potentiodynamic screening tests did not detect differ-
ences in electrochemical behavior of the sol-gel films
formulated at several stoichiometric ratios of the amine
crosslinker. However, corrosion current densities on the
order of 10-9-10-8 A/cm2 indicate the formation of resil-
ient films with tenacious adhesion and good barrier prop-
erties, as shown in Figure 4.

Figure 3—Infrared spectra of SNAP films with
decreasing epoxide to DETA ratios of (a) 33 (b)
16 (c) 6.7 and (d) 3.3.

Figure 4—Potentiodynamic scans for SNAP films
with varying epoxide/DETA ratio.

Table 2—Electrochemical Test Results (GA Sample, PDS and
Low-Frequency Limit EIS (10 mHz))

Epoxide: DETA

  Stoichiometry .............. 16:1 6.7:1 5.1:1

Potentiodynamic

  (jcorr, nA/cm2) ............... 1-10 1-10 1-10

Initial EIS (W cm2) ........... >1 x 106 >1 x 106

End of test EIS

  (W cm2) ......................... >1 x 105 <5 x 104
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EIS results show that films with low ratios of epoxide
to DETA provide poor protection under continuous ex-
posure to a corrosive environment. As summarized in
Table 2, EIS values for the low-frequency modulus de-
crease significantly after two weeks of immersion. This
is due to over crosslinking that results in brittle and
cracked coatings. Improvement of the EIS results for
films with higher ratios of epoxide to DETA is consistent
with the IR results, as shown in Figure 3.

Based on these EIS and infrared results, the optimal
range of concentrations for the amine crosslinker has
been determined. The observed film properties are con-
sistent with a well crosslinked, dense, reproducible film
where the stoichiometry is 6.7 moles of epoxide per mole
of DETA. This corresponds to an epoxide to amine active
site ratio of 1.3. This is ideal for the projected role of the
SNAP coating in that it forms an excellent barrier for a
thin film while still retaining some epoxide functionality
for binding to organic layers in the coating system. This
stoichiometry of epoxide to crosslinking agent (6.7 to 1)
was used in the following studies of the coupling agent
in the SNAP system.

Coupling Agent

The three types of samples prepared for the investiga-
tion into the role of the coupling agent in the formation
of the SNAP coatings are described in Table 1. The NA
system should be capable of hydrogen bonding to the
substrate via the epoxide functionality on the particles.
However, there should be very little opportunity for
direct bonding between the sol-gel and the substrate
surface as the preformed SNAP particles are expected to
be encapsulated by the organic component of the
GPTMS.14 The GA system has a silane-coupling agent
pre-applied to the substrate. This generates a surface
with epoxide functionality that bonds to the SNAP par-
ticles through the crosslinking agent. The GG system is
formulated to include the coupling agent as an additive
to the SNAP coating solution. This simplifies and short-
ens the SNAP coating process but assumes that the cou-
pling agent is able to self assemble at the substrate-
SNAP interface. Previous research with silane adhesion
promoters has shown this to be a reasonable assump-
tion.20

Potentiodynamic scans were performed to investigate
the overall barrier properties of the SNAP films. All
three sets of samples with epoxide/amine ratios of 16,
6.7, and 5.1 developed low corrosion currents ranging
between 1 and 10 nA/cm2, as shown in Figure 5. Consid-
ering that these SNAP coatings represent only a thin,
primary treatment for metal protection, these values in-
dicate an excellent anti-corrosion performance. More
importantly, these highly reproducible results demon-
strate that the SNAP system generates consistent, defect
free films. This repeatability is critical for both the suc-
cessful use of the coating and for the development of the
SNAP system.

Grazing angle IR was used to ascertain that the cou-
pling agent (GPTMS) has been successfully applied to
the substrate surface in the GA series of samples. The
results of the IR analysis are shown in Figure 6. The

characteristic features of the coupling agent are found in
the region from 1500-950 cm–1. The largest peaks in this
area are due to the Si-O stretches at 1095 and 1050 cm–1

and confirm that the hydrolyzed silane is present on the
substrate. The absence of any strong Si–OH bands in the
vicinity of 930 cm–1 suggests that the hydrolyzed cou-
pling agent has undergone condensation to form a bonded
monolayer on the surface.21 The peak at 1253 cm–1 is due
to the epoxide functionality of the coupling agent. The
presence of this band demonstrates that the epoxide
group has not been damaged in the coupling agent ap-
plication and is available for subsequent bonding to the
SNAP particle layer.22

EIS was used to assess the stability of the SNAP sys-
tem as a function of exposure to a corrosive environment
and the importance of a coupling agent in providing
hydrolytic stability to the SNAP system. Upon initial

Figure 5—Potentiodynamic scans for SNAP films
with varying amounts of coupling agent.

Figure 6—Grazing angle infrared spectrum of
GPTMS coupling agent on an Al 2024-T3 sub-
strate.
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Figure 8—EIS Bode plots for NA triplicate samples
at initial immersion.

Figure 7—EIS Bode plots for GA triplicate samples
at initial immersion.

Figure 9—(a) NA (b) GA and (c) unexposed
after two weeks of constant immersion.

immersion, samples treated with a coupling agent
prewash (GA) and those without any coupling agent
(NA) both showed high values of impedance modu-
lus, |Z|, at low frequencies, indicating excellent cor-
rosion properties with values on the order of 107 W
cm2. The impedance modulus for the GA system in
Figure 7 shows very little variation in the low fre-
quency region between the replicate samples of a
triplicate set. In contrast, impedance modulus of the
samples without coupling agent (NA), shown in Fig-
ure 8, had a wider range of impedances from 1 ´ 106 to
6 ´ 106 W cm2 at 10 mHz. After only one day of immer-
sion, all of the samples without the coupling agent
pretreatment, NA, failed. This is indicated by the dra-
matic decrease in |Z| value, some by as much as two
orders of magnitude. At the same time, the GA series
with the coupling agent pretreatment still had two
out of three panels with impedance values of over 107

W cm2. These results demonstrate that the SNAP sys-
tem provides significant barrier protection when com-
pared to the |Z| value of less than 1 ´ 104 W cm2,
measured for a typical chromate surface treatment.23

After four to five days of immersion, the samples of
SNAP coating without coupling agent (NA) showed vis-
ible signs of filiform corrosion, while those SNAP coat-
ings with coupling agent (GA) developed no visible cor-
rosion on the surface. This trend continued until the end
of the test. Typical examples of the NA and GA samples
after two weeks of immersion are shown in Figure 9.
Significant amounts of corrosion can be observed over
the entire surface of the NA sample. In contrast to this,
only small spots of localized corrosion appear on the GA
sample. These visual observations are consistent with
the EIS results in that no specimen from the NA series
maintained its modulus value above 5 ́  104 W cm2, while
the GA coatings maintained |Z| values above 5 ´ 105 W
cm2 at the low-frequency limit. After two weeks of con-
stant immersion, all of the samples with the coupling
agent prewash (GA) still had impedance values of over 2
´ 105 W cm2 shown in Figure 10, whereas all of the samples
without coupling agent (NA) had failed by this time, as
evident in Figure 11.

These results clearly demonstrate that the application
of a coupling agent to the aluminum substrate prior to
SNAP coating provides a dramatic enhancement to the
stability of the film in a corrosive environment. This is
consistent with the formation of strong chemical cou-
pling between the substrate and the SNAP film via the
GPTMS coupling agent.

A third system was investigated to consider an alter-
native method of application of the coupling agent. These
samples, labeled GG, utilized a pre-hydrolyzed solution
of GPTMS added directly to the SNAP coating solution
just prior to dip-coating of the aluminum alloy panels as
the only source of coupling agent material. In constant
immersion EIS tests, samples generated with this method
of coupling agent addition out-performed those samples
prepared without coupling agent and those prepared
with a coupling agent prewash. Because of the difficulty
in determining the amount of coupling agent taken up
by the substrate in the prewash step for the GA samples,
a direct comparison of GG to GA samples based on
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Figure 11—EIS Bode plots for NA triplicate
samples after two weeks of constant immer-
sion.

Figure 12—EIS Bode plot for NA, GA, and GG
system at initial immersion.

Figure 10—EIS Bode plots for GA triplicate
samples after two weeks of constant immer-
sion.

coupling agent content is not possible. For this reason,
GG samples with four different, arbitrary levels of cou-
pling agent additive were studied.

Initial EIS results for 0-1 days after immersion indi-
cate capacitive behavior at frequencies down to 0.01 Hz
for all four SNAP systems with coupling agent additive
(GG) coated panels. These results are very similar to
those observed for the SNAP samples with coupling
agent prewash (GA) and even those SNAP samples with-
out any coupling agent (NA). The EIS results for all three
systems are compared in Figure 12. This observation is
consistent with the PDS results indicating that all three
systems initially afford effective corrosion protection. In
contrast to the NA and GA systems, the high impedance
values measured for these GG samples were unchanged
for up to one and a half weeks of constant immersion.

After two weeks, a gradual decrease in the low-frequency
modulus values for the samples with the two lowest
amounts of coupling agent additive (2 and 4 mL) was
observed. Virtually no changes were recorded for the
samples with the two higher amounts of coupling agent
additive (8 and 10 mL) during this immersion period, as
shown in Figure 13. Even after 80 days of constant im-
mersion these GG samples showed modulus values of 3
´ 105 W cm2 and 8 ´ 105 W cm2, respectively.

Both the GG and GA samples demonstrated signifi-
cantly improved corrosion resistance over the NA
samples. This improvement is due to the use of the
GPTMS coupling agent in the GG and GA SNAP coat-
ings. The action of the coupling agent at the interface is
clear in the case of the GA samples. For these samples,
the prewash of the coupling agent onto the substrate

Figure 13—EIS Bode plot for GG system at differ-
ent coupling agent concentrations after two
weeks of constant immersion.
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generates an epoxide-functionalized surface that chemi-
cally bonds to the SNAP particles forming a durable and
hydrolytically stable coating system.

In the GG samples, the coupling agent is not directly
applied to the substrate but is included in the SNAP
coating solution directly. Because of the chemical bond-
ing capability of the coupling agent, some of it is ex-
pected to migrate to the substrate-coating interface. In
this way, the coupling agent acts as hypothesized for the
GA system. However, the significant improvement in
stability observed for these samples in which the cou-
pling agent is used as an additive is not explained by this
mechanism. This improvement is thought to arise from
an improved densification of the film. Some of the cou-
pling agent additives can act as an extended crosslinker
by dimerizing and reacting with available amine. This
would have the effect of plugging any small cracks or
defects present in the coating.24 Furthermore, these ex-
tended crosslinks would form longer carbon chains than
the amine crosslinks. These could effectively crosslink
otherwise hindered sites and potentially reduce the
stresses normally associated with excessive crosslinking
within a coating.

Tapping mode AFM was used to relate the physical
state of the coating surface with the observed film prop-
erties and proposed chemistry. A typical phase image of
the SNAP system coatings is shown in Figure 14. The
phase information suggests that there are small round
features distributed throughout the film that could cor-
respond to the SNAP particles. The observed size of
approximately 10 nm in diameter is consistent with the
preliminary results of tests performed on the SNAP sys-
tem in solution.

CONCLUSION

A new sol-gel approach using pre-formed, self-as-
sembled, nano-phase particles (SNAP) has been reported.
This SNAP system has been shown to produce a fully
dense protective surface coating that could be used within
a conventional coating system to provide improved cor-
rosion protection. These water-based, environmentally
benign coatings rely on aqueous solution processes to
generate nanoscale particles with an inorganic core and
an organic exterior. Organic reagents are used to crosslink
the particles, forming a protective, thin coating on the
substrate.

The required stoichiometry for generating dense but
epoxide-functionalized films was investigated by EIS
and infrared spectroscopy. The optimal molar ratio of
epoxide to DETA was determined to be 6.7. This is con-
sistent with each active site on the nitrogen atoms of the
DETA reacting with epoxide. One of the most important
features of the SNAP system is the coupling agent that
provides strong chemical interactions between the sub-
strate and SNAP coating. The effect of pre-applying the
coupling agent or directly adding it to the SNAP coating
has been studied. The coupling agent was found to be
essential for providing effective stability under constant
immersion in a corrosive environment. Furthermore, di-
rectly adding the coupling agent to the SNAP was found
to generate greater stability than that observed for
preapplication of the coupling agent to the substrate.
This is thought to be due to a second role for the coupling
agent. As well as generating strong substrate-coating
interaction, some of the coupling agent additive could
act to reinforce defects in the film, thus improving over-
all film performance. The SNAP coatings could be used
as a substrate preparation component to replace the cur-
rently used chromate containing surface treatments and
provide the basis for long-lived coating system for alu-
minum alloys.
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