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ABSTRACT

We have demonstrated a hybrid coating consisting of
both a stratified layer that incorporates corrosion inhibiting
ions and a silicate barrier layer.  The stratified layer is
applied to the aluminum alloy using the layer-by-layer
assembly (or electrostatic self-assembly) method and
comprises alternating layers of charged polyelectrolytes and
nanometer-thickness clay platelets.  These nanocomposite
coatings can be doped with corrosion inhibiting ions and
allow lateral diffusion of those ions through the coating to 
have high ‘throwing power’. Over the LBL coating is
applied an organic-inorganic hybrid coating of organically
modified silicates (ORMOSILs) to provide additional
barrier protection and bind to primers and paints.  These
types of hybrid coatings have electrochemically shown
superior corrosion protection compared to hexavalent
chromium coatings.

Keywords: corrosion, layer-by-layer, polyelectrolyte,
silicate, montmorillonite

1 INTRODUCTION 

Because the hexavalent chromium conversion coatings
traditionally used to protect aluminum alloy aircraft are
environmentally hazardous, replacements are sought. In the
search for a corrosion protection scheme, there are two 
general approaches:  barrier layers and active inhibitors.
Barrier layers prevent water and ions from reaching the
metal surface and can provide excellent protection, but if 
mechanical damage results in a path for water through the 
barrier layer, corrosion is rapid.  The most effective active
inhibitor is hexavalent chromium; no other material on its
own has provided such good protection to multiple metals
and alloys in a variety of environments.  However,
chromium is such an environmental and occupational
hazard that phasing out its use is mandated.  Combining
non-chromium active inhibitors with barrier layers might
overcome these weaknesses.  Unfortunately, while active 
inhibitors can be trapped and incorporated into barrier
layers, the barrier layer may be so dense and non-porous
that the active inhibitor cannot travel to the corrosion site
and has no throwing power.  Thus we are considering a
stratified approach to a corrosion protection coating.  The

layers closest to the substrate can incorporate inhibitor ions 
while permitting their transport parallel to the substrate and 
further from the substrate, a barrier layer provides
protection.

2 STRATIFIED COATINGS
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Figure 1: Layers of clay platelets, polyelectrolytes, and 
active corrosion inhibitors are assembled on the aluminum

substrate and coated with an ORMOSIL sol-gel.

The general coating is shown in Figure 1.  Near the
substrate, alternating layers of polyelectrolytes (high
molecular weight molecules or polymers with bound
charges) and clay platelets are prepared using layer-by-
layer (LBL) deposition. LBL is a technique that involves
the adsorption of charged species onto an oppositely 
charged substrate.  The charged species can be
polyelectrolytes, clay platelets [1], nanoparticles [2], carbon
nanotubes [3], and even biological molecules.  Most often, 
the substrate is immersed in a solution of the charged
species.  However, as this is not practical for application to
aircraft, we are also investigating spraying [4].  Our
aluminum substrate (which has negatively charged surface
groups) is sprayed with a solution of positively-charged
poly(diallyldimethyldiammonium chloride), PDDA. 
Approximately a monolayer of the PDDA will remain
attached to the substrate, making its apparent charge
positive. Further layers are built up with negatively-charged
poly(acrylic acid), PAA, followed by another PDDA layer,
followed by a layer of montmorillonite clay. In solution,
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this clay exfoliates into platelets, 1-4 nm thick and 
approximately 200 nm in diameter.  When deposited on a 
substrate by the LBL method, the platelets tend to align 
themselves parallel to the substrate.  This deposition 
sequence of 4 layers can be repeated to build a thicker film.  
Other species could be incorporated into these LBL films 
by substituting for the solutions of appropriate charge. In 
the LBL coatings, the charged species can attract ionic 
active corrosion inhibitors, providing storage, while the 
layered structure allows for lateral diffusion of these 
inhibitors to corrosion sites. 

To provide a barrier function, hybrid organic-inorganic 
coatings derived from organically modified silicates 
(ORMOSIL) were used because of the dense and 
chemically inert characteristics that can be achieved. A 
further benefit of the organic groups is that they are 
compatible with the paints used as topcoats. The corrosion 
resistance properties of these ORMOSIL coatings made 
from different combinations of organic and inorganic 
groups have been studied [5]. In parallel tests, they meet the 
performance characteristics of chromated conversion 
coatings, except if there is a mechanical breach of the 
coating.

The high density of the ORMOSIL coating does not 
permit active inhibitor ions to have throwing power if 
directly incorporated in the coating, but they can be used in 
combination with LBL coatings made by immersion [6].  

3 EXPERIMENTAL PROCEDURE 

PDDA with MW 450,000-500,000 and PAA, with MW 
~450,000 were purchased from Aldrich and used as 1% 
solutions in water. The pH of those solutions was typically 
between 3.2-3.7 and 2.9-3.5, respectively. 

The clay was SWy-2 sodium montmorillonite from the 
University of Missouri – Columbia.  Solutions were 
prepared by mixing 5 g of clay in 200 mL of deionized, 
ultrapure water.  The clay solution was sonicated to mix 
well.  The solution was then allowed to settle for at least 3 
days.  After the initial settling period, the remaining 
suspension is stable and can be used for weeks or months.  
That solution had a typical pH of 8. 

To remove dust and grease from aluminum alloy 2024-
T3 samples, they were first cleaned with an anionic 
detergent, then sonicated in hexanes or acetone for 10 to 40 
minutes, and then desmutted using approximately 50 g of 
Oakite aluminum cleaner 164®.  The samples were stirred 
in the cleaning solution for 30 minutes at 55°C before being 
rinsed and allowed to dry. 

In addition to 2024-T3 aluminum alloy samples, we 
also used glass microscope slides (for absorbance 
measurements which required transparent substrates) and 
freshly cleaved mica surfaces (extremely flat, smooth 
surfaces for atomic force microscopy). An airbrush was 
used for spraying the solutions onto these substrates. For 
each layer, a reservoir containing the appropriate 
polyelectrolyte or clay solution was attached to the 

airbrush, which was sprayed with an effort to keep the 
spraying time and distance from the samples relatively 
constant. Typically 3-5 seconds of spraying from the 
airbrush is sufficient to wet the substrate surface. Note that 
it was important to spray some water through the airbrush 
to clean out one solution before spraying the next.  The 
charge attraction between the polyelectrolytes and the clay 
resulted in aggregates clogging the nozzle otherwise. 

Ultraviolet-visible (UV-vis) absorbance measurements 
were carried out in a Hewlett Packard 8453A 
spectrophotometer.  Atomic force microscopy (AFM) 
images were acquired on a Nanoscope III (Digital 
Instruments, Inc.) using standard silicon nitride tips in air at 
room temperature.  Samples for scanning electron 
microscope (SEM) were coated with a thin conductive layer 
of gold using a Denton Desktop II sputterer (Denton 
Vacuum, Inc.).  The images were taken with a JSM 6400 
microscope.

Electrochemical measurements were taken using a 
Gamry PCI400 potentiostat and a three-electrode cell with a 
platinum counter electrode and an Ag/AgCl/Cl- (3M KCl) 
reference electrode.  The measurements were conducted in 
dilute Harrison’s solution (0.35 wt% (NH4)2SO4 and 0.05 
wt% NaCl) at room temperature. The treated 2024-T3 
aluminum alloy panels were used as the working electrode.  
After all electrodes were placed in the electrolyte solution, 
the open circuit potential was monitored for at least 15 
minutes to allow time to reach steady state potential.  
Electrochemical Impedance Spectroscopy (EIS) was carried 
out over the range from 10 kHz to 30 mHz with 10 mV rms 
applied potential relative to the open circuit potential (Eoc).
Potentiodynamic scans (PDS) were carried out from –0.05 
(vs. Eoc) to 0.5 V (vs. Eoc).  The corrosion potential (Ecorr)
and corrosion resistance (Rcorr) were determined as the 
intercept and slope, respectively, of the potential vs. 
current/area in the region from –0.05 to 0.05 V (vs Eoc).  
The pitting potential was determined using the criterion 
described by Kelly et al wherein pitting would have 
occurred by the time the anodic current density reached 3 x 
10-5 A/cm2 [7]. 

4 RESULTS 

The first concern with the spraying process was to 
verify the presence of the polymer and clay layers.   The 
sprayed films can be seen by eye after about 5 layers. 

An AFM image of 1 bilayer of PDDA/clay on a mica 
substrate is shown in Figure 2.  In the phase contrast image 
on the right, the shape of the clay platelets lying parallel to 
the substrate can be seen.  The height image shows only a 
modest variation in height. 

In Figure 3, SEM images are shown of the cleaned 
aluminum substrate and the LBL coatings. The LBL 
coating with 3 layers is noticeably rougher than the 10 layer 
coating.  This may be because the first few layers show the 
effects of the roughness of the aluminum substrate, but by 
10 layers, the LBL deposition has compensated for that 
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roughness. Some larger aggregates are visible for 20
layers; this is interesting when related to the
electrochemical measurements shown later. 

Figure 2: Atomic force microscopy image of film sprayed
with 1 layer of PDDA and 1 layer of clay on a mica sheet. 
Both images are of the same region 3 micrometers square.

Figure 3:  SEM images of (a) cleaned aluminum
substrate; (b) 3 layers of (PDDA/PAA/PDDA/clay);

(c) 10 layers; and (d) 20 layers. 

While AFM and SEM are useful for visualizing the
deposited layers, UV-vis absorbance measurements are
often used to determine whether an equal amount of
material is deposited in each (PDDA/PAA/PDDA/clay)
layer.  This does require a transparent substrate and so glass
microscope slides were used. In Figure 4, the absorbance
for layers of (PDDA/PAA/PDDA/clay) is shown to increase
linearly.

Electrochemical measurements of the films on
aluminum substrates were used to test their corrosion
resistance properties. Potentiodynamic scans (PDS) for the 
cleaned aluminum substrate, with has a native aluminum

oxide on the surface, and for a substrate with 8 layers are
shown in Figure 5. 

Figure 4: UV-visible absorbance measured at 366 nm
increases linearly with the number of 

(PDDA/PAA/PDDA/clay) layers.

(d)

(a)

(c)

(b)

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

-10 -8 -6 -4 -2 0

Log Current/Area (A/cm^2)

P
ot

en
ti

al
 (

V
ol

ts

Native Oxide

8 Layers LBL

Figure 5: PDS scans of the bare substrate and with 8 
layers of (PDDA/PAA/PDDA/clay).

The corrosion potential, Ecorr, is the potential at the
“zero” current.  The pitting potential, Epit, is the potential 
at which the current reaches 3 x 10-5 A/cm2 which has been
empirically found to be the current when corrosion pits are
forming on the substrate.  For both of these potentials, a 
more positive value means the aluminum alloy is less likely
to corrode.  The corrosion resistance, Rcorr, is determined by
the slope near zero current.  A higher value of Rcorr

indicates that the sample is less likely to corrode.
For each type of sample, at least three specimens were

prepared and measured to determine average values, shown 
in Table 1.  The corrosion potential and pitting potential
increased only slightly with the LBL coating, but the
corrosion resistance increased, with the best values between
8 and 15 layers. A 20 layer film had poorer resistance.  The
values determined by PDS and EIS measurements were
similar.
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Figure 6: EIS data for the native oxide and the 13 layer LBL coating.  An increase in impedance magnitude
and a decrease in phase angle at low frequencies indicate the LBL film is providing protection.
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