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of Multilayer Ormosil/Conversion Coating
Systems for the Corrosion Resistance of

2024-T3 Aluminum Alloys
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The corrosion resistance characteristics of multi-

layer coating systems comprised of a conversion

coating base layer and an organically modified

silicate (ormosil) topcoat have been analyzed using

salt spray and potentiodynamic polarization curve

analyses. The effectiveness of the multilayer coat-

ing systems was found to depend on the presence

of an electrochemically active species in the con-

version coating and on the presence of a curing

agent in the ormosil system. Multilayer coatings

systems comprised of conversion coatings that con-

tain active corrosion inhibitors were found to pro-

vide high degrees of corrosion protection. In all

cases, the presence of the ormosil was found to

enhance the corrosion resistance of the underlying

conversion coating. The use of multilayer ormosil/

conversion coating systems enhances the corro-

sion protection of 2024-T3 aluminum alloy by

combining previously developed corrosion protec-

tion methods with emerging sol-gel technology.

INTRODUCTION

I
n recent years, there has been extensive research con-
ducted toward the development of chromate-free coat-
ings and surface pretreatments that are effective corro-

sion inhibitors for aluminum alloys. These research ef-
forts have stemmed from the need to replace hexavalent
chromium as the active ingredient in corrosion inhibition
pretreatments. Despite excellent corrosion protection prop-
erties, hexavalent chromium is toxic, a suspected carcino-
gen, and poses serious human health and environmental
risks.1 For these reasons, the use of hexavalent chromium-
based processes for corrosion protection has been increas-
ingly regulated by government agencies.

A wide variety of novel coating processes have been
developed as potential replacements for hexavalent chro-
mium-based conversion coatings as described in various
reviews.2 These processes have relied on inorganic mol-
ecules that react with the oxidized aluminum surface to
form mixed oxides, metal ions that are able to oxidize the
metal surface during service life, organic polymers with a
high complexing capacity for aluminum surfaces, and
inorganic film-forming oxides.3 Recent developments have
included rare earth-based conversion coatings,4 Co-rich
oxide layers,5 Mn-based conversion coatings,6 Mo-based
conversion coatings,7 Zr-based conversion coatings,8 si-
lane-based surface treatments,9 and trivalent chromium
conversion coatings.10 Generally, however, the perfor-
mance of these surface treatments has been found to be
inferior to that of the chromate conversion coating. Pres-
ently, a combination of these approaches has been sug-
gested for increasing the corrosion resistance of alterna-
tive coating systems.

Cr6+-, Co3+-, and Cr3+-based conversion coatings were
selected for this study based on their reported corrosion
resistance characteristics. Hexavalent chromium conver-
sion coating was chosen as a control system due to its use
as the standard military and industrial pretreatment for
aluminum alloys. While the composition, structure, and
mechanism of corrosion protection provided by chromate
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conversion coatings is not definitively known, extensive
research in this area has provided insights into the unique
aspects of these coating systems.11 Briefly, hexavalent chro-
mium conversion coatings are formed by immersing alu-
minum alloys in an acidic solution of chromate and fluo-
ride ions.11d Chromate conversion coatings participate in
redox reactions on the aluminum alloy surface, precipitat-
ing an insoluble amorphous Cr(OH)3 layer that provides
the underlying metal with a passive corrosion barrier.12

Soluble Cr6+ species present in the conversion coating
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impart active corrosion protection, as these ions can mi-
grate on the metal surface, providing self-healing capa-
bilities (i.e., throwing power) in the event that the integrity
of the coating is breached.13 The overall reaction for the
formation of chromate conversion coatings is shown in
equation (1).11a

2Al + Cr2O7
2–+ 2H+ + 2H2O = Al2O3 + 2Cr(OH)3 (1)

The cobalt conversion coating developed by Schriever
was chosen based on the reported excellent corrosion
resistance characteristics, lower toxicity of cobalt (III) com-
pared to hexavalent chromium, and reported good paint
adhesion properties.14 The cobalt conversion coating is
prepared from an aqueous solution of a cobalt (II) salt, an
ammonium salt, an inorganic complexing agent, an or-
ganic complexing agent, and an oxidizing agent, leading
to the formation of highly stable cobalt (III) complexes
which are stored in the oxide conversion coating. The
complexes are believed to be of the general formula
Na3[Co(NO2)2 (X)4] (X = OOCH, OOCCH3, etc.), based on
the reagents listed in the experimental portion of the patent.
The soluble inhibitor complexes formed may migrate
throughout the coating system and/or over the surface
providing a self-healing repair process considered to be
similar to that exhibited by the chromate conversion coat-
ing.2

Trivalent chromium conversion coatings developed by
Pearlstein and Agarwala were selected due to their re-
ported low toxicity and good corrosion resistance charac-
teristics.15 Trivalent chromium conversion coatings are
prepared from an aqueous solution of a water soluble
trivalent chromium compound, a complex fluoride com-
pound, and an alkaline reagent, the combination of which
leads to the precipitation of hydrous chromic oxides on
the aluminum surface.16 These aqueous, hexavalent chro-
mium-free coatings are expected to provide barrier protec-
tion to the underlying metal substrate.

Organically modified silicates (ormosils) are hybrid
organic-inorganic materials formed through the hydroly-
sis and condensation of organically modified silanes with
traditional alkoxide precursors. A variety of organic-inor-
ganic composite materials, with widespread uses and
properties, have been prepared using the sol-gel method.17

Precursors, which generally are di- and tri-functional si-
lanes, span a wide range of sizes, chemical reactivities,
and functionalities. The use of precursors containing
nonhydrolyzable Si–C bonds introduces pendant organic
groups directly bonded to the growing silica network,
resulting in modification of the network structure, and
subsequently, the physical and chemical properties of the
resultant ormosil material.

Recent reviews, and the references presented therein,
indicate that silane-based films are of interest for corro-
sion resistance of various substrates.18 For example, Kato
studied inorganic SiO2 films derived from Si(OC2H5)4–
C2H5OH–H2O solutions for the corrosion resistance of
aluminum.19 Van Ooij et al. investigated the use of silane-
based pretreatments (aminopropyltrimethoxysilane,
vinyltrimethoxysilane, 1,2-bis-triethoxysilyl ethane) for the
corrosion protection of steel and aluminum alloy
substrates.8a-e Kasemann and Schmidt found that ther-
mally cured epoxy silane/bisphenol A coatings exhibited
high scratch, abrasion, and corrosion resistance on alu-
minum, magnesium, and silver.20 Donley and
Vreugdenhal prepared and investigated the use of self-
assembled, nano-phase (SNAP) sol-gel derived coatings
for the corrosion protection of 2024-T3 aluminum alloys.21

Our previous work has shown that organic concentra-
tion, hydrolysis water ratio, and curing agent have a dra-
matic effect on the corrosion resistance of ormosil thin
films on 2024-T3 aluminum alloys.22

In the present study, we have continued the investiga-
tion of multilayer ormosil/conversion coating systems for
the corrosion protection of aluminum alloys.23 Results of

Table 1—Electrochemical Characteristics Assessed from Potentiodynamic Polarization Curves for 2024-T3 Aluminum Alloy
Substrates Coated with Various Conversion Coating/Ormosil Combinations

Conversion Immersion Mol % Curing Icorr107,
Coating Time (min) Ormosil Agent A/cm2 Ecorr. mV Epit, mV Rcorr, k�cm2

None None — 182 –719 –675 2
None Aa — 5.25 –502 –460 48
None ................. B 50% 1.78 –406 –100 141
Cr6+ .................... 2 None — 1.74 –480 –439 143
Cr6+ .................... 3 None — 1.58 –516 –470 158
Cr6+ .................... 2 A — 1.41 –378 –227 177
Cr6+ .................... 3 A — 1.39 –420 –204 180
Cr6+ .................... 2 B 50% 1.0 –199 +28 250
Cr6+ .................... 3 B 50% 1.0 –230 +50 250
Co3+ ................... 15 None — 2.09 –518 –468 120
Co3+ ................... 30 None — 1.78 –493 –319 141
Co3+ ................... 15 A — 1.78 –427 –311 141
Co3+ ................... 30 A — 1.29 –429 –300 194
Co3+ ................... 15 B 50% 1.26 –524 –200 198
Co3+ ................... 30 B 50% 1.0 –477 –137 250
Cr3+ .................... 10 None — 28.1 –543 –511 9
Cr3+ .................... 15 None — 25.1 –565 –512 10
Cr3+ .................... 10 A — 17.8 –475 –230 141
Cr3+ .................... 15 A — 17 –461 –327 147
Cr3+ .................... 10 B 50% 1.55 –307 –50 161
Cr3+ .................... 15 B 50% 1.32 –413 –49 158

(a)   A denotes a noncured ormosil; B denotes a cured ormosil.
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electrochemical and accelerated salt spray analyses indi-
cate that these coating systems significantly enhance the
corrosion protection of the underlying aluminum alloy
substrate. The magnitude of corrosion resistance enhance-
ment was found to be dependent on the presence or ab-
sence of (a) an active corrosion inhibitor in the conversion
coating and (b) a curing agent in the ormosil coating.

EXPERIMENTAL

Materials

Tetraethylorthosilicate (TEOS), 3-(trimethoxysilyl)-
propylmethacrylate (MEMO), vinyltrimethoxysilane
(VTMOS), and mercaptopropyltrimethoxysilane (MTMO),
were purchased from Aldrich or Gelest and were used as
received. Sodium chloride (reagent A.C.S., Spectrum) and
nitric acid (NF grade, Fisher) were used without further
purification.

Coating Techniques

Aluminum 2024-T3 alloy substrates used for both po-
larization measurements and salt spray testing were
freshly degreased and deoxidized using the following
cleaning process. First, the aluminum alloy test coupons
were wiped with hexanes and methanol. Subsequently,
the aluminum alloy substrates were soaked in an aerated
Oakite-164 alkaline cleaner solution (Oakite Products, Inc.)
for 15 min at 65°C and then in Deoxalume 2310 deoxidiz-
ing solution (Henkel Surface Technologies) for 7-10 min at
25°C under rigorous air agitation. Each of these treat-
ments was followed by thorough rinsing for two minutes
using tap water at 50°C.

The ormosil solutions were subsequently applied onto
a bare- or conversion-coated aluminum alloy by a spray
coating technique using an airbrush setup. The coatings
were allowed to dry at ambient conditions for at least 24
hr prior to their characterization.

Ormosil Preparation

Two series of ormosil films were prepared based on a
TEOS/VTMOS/MEMO precursor mixture using 0.05 M
HNO3 as the catalyst. In the first series, noncured ormosils
were prepared by mixing 5.6 ml TEOS, 7.6 ml VTMOS, and
2.0 ml MEMO with 9.8 ml 0.05 M HNO3. In the second
series, cured ormosils were prepared by adding 4.5 ml
MTMO as a curing agent to the above initial silane mix-
ture prior to mixing with 0.05 M HNO3. The solutions
were allowed to stir for one hour prior to film deposition.
Ormosil film thicknesses were approximately 10-20 mi-
crons as measured using a digital DeFelsko Series 6000
coating thickness gage.

Conversion Coatings

PREPARATION OF HEXAVALENT CHROMIUM CONVERSION COAT-

INGS: Conversion coatings based on hexavalent chromium
were prepared by immersing cleaned aluminum alloy

panels into commercial Alodine 1200S solution (Henkel
Surface Technologies) for two or three minutes to yield a
uniform, golden coating.

PREPARATION OF TRIVALENT COBALT-BASED CONVERSION COAT-

INGS: A Co3+-based solution was prepared as described by
Schriever. A stock solution was prepared by mixing 55g/l
NH4NO3, 26 g/l Co(NO3)2�6H2O, 26.4 g/l formic acid in 750
ml H2O. The pH of this solution was adjusted to 7.0-7.1
with concentrated NH4OH. Subsequently, 3.5 ml/l H2O2

(30 wt%) and distilled H2O were added to increase the
volume to one liter. The stock solution was heated to 140°F

Figure 1—Representation of multilayer films com-
posed of an underlying conversion coating and
an ormosil topcoat. Layer thicknesses are not
drawn to scale.

Figure 2—Silanes investigated during this study.
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for 30-90 min. The final pH was adjusted to 6.8-7.0 using
concentrated NH4OH. Cleaned aluminum alloy test cou-
pons were immersed in the conversion coating solution
(140-150°F) for 15 or 30 min.

PREPARATION OF TRIVALENT CHROMIUM CONVERSION COAT-

INGS: A trivalent chromium solution was prepared accord-
ing to the procedure developed by Pearlstein and Agarwala.
The solution was prepared by adding 0.6 g of
Cr4(SO4)5(OH)2 (26% Cr2O3 and 23-24% Na2SO4) and 0.8 g
of K2ZrF6 to one liter of deionized water under continuous
stirring for several hours. This solution was then allowed
to stand for one week. The pH of the solution was found to
decrease from 5.0 in the freshly prepared to about 3.7 in
the “aged” solution. Immediately prior to coating deposi-
tion, the pH of the trivalent chromium conversion coating
solution was adjusted to 4.1-5.1. In order to produce the
trivalent chromium conversion coating, aluminum alloy
substrates were immersed into the trivalent chromium
solution for 10 or 15 min.

Potentiodynamic Polarization Measurements

Electrochemical measurements were performed using
a BAS CV-50-W unit and a three-electrode cell equipped
with a platinum counter electrode, an Ag/AgCl/Cl– (3M
KCl) reference electrode and a coated or noncoated 2024-
T3 aluminum alloy panel as the working electrode. Alu-
minum alloy working electrode panels, including un-

coated control and coated test specimens, had an exposed
area of 0.36 cm2. All measurements were conducted in an
aqueous 1M NaCl working solution at 25 ± 1°C. The
reported values of potentials shown both in the polariza-
tion curves and listed in Table 1 are given relative to the
Ag/AgCl/Cl–  reference electrode. Oxygen was removed
by purging the solution with purified nitrogen for ap-
proximately 30 min prior to the polarization measure-
ments.

In order to reach steady potential, the electrodes were
kept in the working solution for 30 min prior to electro-
chemical measurements with the electrical circuit open.
Then, the acquisition of polarization curves was started
from this open circuit potential, with a constant sweep of
1 mV/sec. Corrosion current values, Icorr, reported herein
correspond to a 50 mV stretch between the cathodic and
anodic parts of the polarization curve. Corrosion resis-
tance was calculated using the equation Rcorr = 50mV/
2Icorr. This differs from the previously described definition
of corrosion resistance24; however, it allows for the deriva-
tion of the parameter Rcorr for the entire pool of polariza-
tion curves collected in this study, regardless of their shift
along the abscissa. Pitting potentials, Epit, were deter-
mined using the criterion described by Kelly et al. wherein
pitting would have occurred by the time the anodic cur-
rent density of the specimen reached 3 � 10–5 A/cm2.11a

Accelerated Salt Spray Testing

Corrosion protection properties of the coated alumi-
num alloy substrates were evaluated by exposing the sub-
strates to a salt fog atmosphere generated by spraying 5
wt% aqueous NaCl solution at 35 ± 1.7°C for 168 hr in
accordance with ASTM B117 specifications.

RESULTS AND DISCUSSION

Various multilayer coatings were prepared by depositing
an ormosil film over a conversion coating base layer. These
films may provide two passivation mechanisms as shown
in Figure 1. The ormosil film, which contains no active
corrosion inhibitors, is postulated to act as a dense barrier

Figure 3—Results of 168-hr salt spray tests for (a)
noncured and (b) cured ormosil coatings. Im-
ages represent a 3 x 5 in. test coupon.

Figure 4—Potentiodynamic polarization curves
for (a) bare 2024-T3 aluminum alloy, (b) noncured
ormosil, and (c) cured ormosil coatings.
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coating, slowing the mass transport of
water and corrosion initiators to the
underlying aluminum alloy surface.25

In the event that the integrity of the
sol-gel coating is compromised, the
underlying conversion coating acts as
an electrochemically active corrosion
inhibitor.

Two types of ormosil films were
compared in this study. Figure 2 shows
the structures of the organically modi-
fied silanes investigated. The first
ormosil coating is a mixture of TEOS,
VTMOS, and MEMO. The network
structure of this ormosil contains pen-
dant vinyl and methacrylate groups
that may occupy pore space and sur-
face positions. The presence of these
groups is anticipated to make the
ormosil coating hydrophobic, slowing
the penetration of water and corrosion initiators. The sec-
ond is a mixture of TEOS, VTMOS, and MEMO, using
MTMO as a room temperature curing agent for vinyl
groups.26 Pendant methacrylate and unreacted vinyl
groups may increase the coating hydrophobicity. Figure 3
shows the results of 168-hr salt spray testing for both
ormosil coatings investigated in this study. Noncured
ormosil films failed the 168-hr salt spray test, as evidenced
by the presence of localized pitting on the test panels. The
cured ormosil film performed better in the salt spray test
than did the noncured film as indicated by the lower
concentration of visible pits observed on the test coupons.

Potentiodynamic polarization curves for (a) bare 2024-
T3 aluminum alloy, (b) noncured ormosil coating, and (c)
cured ormosil coatings are shown in Figure 4. Table 1
shows observed electrochemical characteristics for vari-
ous coatings analyzed during this study. There is a sig-
nificant increase in corrosion protection by coating the
aluminum alloy with an ormosil film as indicated by the
increase in corrosion resistance, Rcorr, from 2 k�cm2 for
bare aluminum to 48 k�cm2 for aluminum alloy coated
with a noncured ormosil film. Addition of the curing
agent to the ormosil led to a further increase in Rcorr to 141
k�cm2, indicating the higher degree of corrosion protec-
tion provided by the cured ormosil film as compared to the
noncured ormosil coating. The corrosion potentials for
cured and noncured ormosil films are in the same range,
(–502 to –406) mV. Conventional pitting is a measure of
the stabilization of micropits that may have formed at
potentials below the pitting potential. In this study, we
observe an increase in Epit values from –675 to –460 mV
and further to –100 mV for noncoated aluminum alloy,
aluminum alloy coated with a noncured ormosil film, and
aluminum alloy coated with a cured ormosil film, respec-

tively. These results complement the trend observed in
Rcorr values and correlate with the 168-hr salt spray re-
sults presented in Figure 3.

Multilayer Systems Containing Hexavalent
Chromium Conversion Coatings

Hexavalent chromium conversion coatings were in-
vestigated as control specimens in this study. Figure 5
shows the results of 168-hr salt spray tests for single and
multilayer hexavalent chromium conversion coated test
coupons. When used without an ormosil coating,
hexavalent chromium conversion coating films resisted
corrosion well, though failure in the form of small, local-
ized pitting was observed after the salt spray test, inde-
pendent of immersion time in the hexavalent chromium
conversion coating solution. The addition of the sol-gel
overcoat enhanced corrosion protection, especially when
the cured ormosil was used, as these test coupons were
found to exhibit no noticeable film failure due to pitting
after the 168-hr salt spray test. The ormosil films shown in
Figure 5 were found to crack during drying after the 168-hr
test, due to drying stresses induced by the low ambient
humidity conditions. This behavior may be eliminated by
the application of a complete paint system (primer/top-
coat) onto the ormosil coating.

Figure 6a shows potentiodynamic polarization curves
for coatings containing hexavalent chromium conversion
coating. The conversion coatings significantly enhanced
the corrosion protection of the underlying aluminum al-
loy, as indicated by the increase in the corrosion resis-
tance, Rcorr, from 2 k�cm2 for bare aluminum to 143-158
k�cm2 for aluminum alloy coated with hexavalent chro-
mium conversion coating (two-or-three minute immer-

Figure 5—Results of 168-hr salt
spray tests for test coupons pre-
pared by immersion for two or
three minutes in a hexavalent
chromium conversion coating so-
lution. Images represent a 3 x 5 in.
test coupon.
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sion), as shown in Table 1. Addition of the ormosil (either
cured or noncured) led to a further increase in Rcorr to 177-
250 k�cm2. A similar increase in corrosion protection
may be inferred from corresponding changes in Ecorr val-
ues from –719 mV for bare aluminum to –420 to –378 mV
for a multilayer hexavalent chromium conversion coat-
ing/noncured ormosil coating and further to –230 to –199
mV for multilayer hexavalent chromium conversion coat-
ing/cured ormosil coating. A similar trend is observed for
pitting potentials where Epit changes from –675 mV for
bare aluminum to –470 to –439 mV for Alodine 1200S
treated alloys, –227 to –204 mV for a multilayer hexavalent
chromium conversion coating/noncured ormosil coating,
and further to +28 to +50 mV for multilayer hexavalent
chromium conversion coating/cured ormosil films.

Multilayer Systems Containing Cobalt
Conversion Coatings

Single layer cobalt conversion coatings developed by
Schriever provided moderate corrosion protection inde-
pendent of increasing the immersion time from 15 to 30
min as shown in Figures 6b and 7. When used in combina-
tion with the noncured ormosil, the corrosion resistance

of the cobalt conversion coating was enhanced, though
film failure due to light, localized pitting was still ob-
served. The most significant improvement in corrosion
resistance, however, was observed for the multilayer co-
balt conversion coating/cured ormosil coating system, as
very few pits were observed after the 168-hr salt spray test.

The magnitude of enhancement of corrosion protection
afforded by the cobalt conversion coatings was similar to
that provided by the hexavalent chromium conversion
coating. This is indicated by the increase in the corrosion
resistance, Rcorr, from 2 k�cm2 for bare aluminum to 143
k�cm2 and 141 k�cm2 for aluminum alloy coated with
hexavalent chromium and cobalt conversion coatings,
respectively (Table 1). Such reports are consistent with
those previously reported,14 as Schriever’s conversion coat-
ing comprises an active corrosion inhibitor that may mi-
grate over the aluminum alloy surface in a manner similar
to the mechanism of corrosion protection afforded by
soluble hexavalent chromium ions. Addition of the ormosil
topcoat leads to a further increase in Rcorr values to 141-
194 k�cm2 and 198-250 k�cm2 for multilayer coatings
comprising noncured and cured ormosil films, respec-
tively. A similar trend is observed for Epit values, which
were found to increase from –300 to –311 mV for multi-
layer cobalt conversion coating/noncured ormosil films
to –200 to –137 mV for multilayer cobalt conversion coat-
ing/cured ormosil films. It is noteworthy to indicate that
values of Epit, for multilayer hexavalent chromium conver-
sion coating/ormosil coatings lie in the more positive
region compared to those observed for the cobalt conver-
sion coating, consistent with the excellent corrosion-in-
hibitive characteristics of the hexavalent chromium con-
version coating observed in the accelerated salt spray test.

Multilayer Systems Containing Trivalent
Chromium Conversion Coatings

Deposition of an ormosil film on top of the trivalent
chromium conversion coating was found to enhance the
corrosion resistance characteristics of the underlying con-
version coating, the most significant improvement being
observed for coatings derived from trivalent chromium
conversion coatings prepared from solutions of pH = 5.1.
Figure 8 shows the results of the 168-hr salt spray testing
for trivalent chromium conversion coatings formed from
solutions (pH = 5.1) using immersion times of 10 and 15
min. For test coupons coated with a trivalent chromium
conversion coating only, the corrosion resistance was con-
siderably less effective than the hexavalent chromium
conversion coatings, as significant concentrations of lo-
calized pitting were observed after the 168-hr salt spray
test. Both ormosil compositions, when applied as an over-
coat to trivalent chromium-based surface treatments, pro-
duced a significant enhancement of corrosion resistance
as compared to the unprotected trivalent chromium con-
version coating. Failure of corrosion inhibiting mecha-
nisms for both ormosil coatings was in the form of very
small, isolated localized pitting.

The application of trivalent chromium conversion coat-
ings marginally enhanced the corrosion resistance of the
underlying aluminum alloy, as Rcorr increased to 9-10
k�cm2 as compared to 2 k�cm2 for bare aluminum as

Figure 6—Potentiodynamic polarization curves
for multilayer coating systems composed of a
conversion coating base layer and an ormosil
topcoat.
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Figure 7—Results of 168-hr salt
spray tests for test coupons pre-
pared by immersion for 15 or 30
min in a trivalent cobalt conver-
sion coating solution. Images rep-
resent a 3 x 5 in. test coupon.

Figure 8—Results of 168-hr salt
spray tests for test coupons pre-
pared by immersion for 10 or 15
min in a trivalent chromium con-
version coating solution at pH =
5.1. Images represent a 3 x 5 in.
test coupon.
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shown in Table 1 and Figure 6c. Multilayer trivalent chro-
mium conversion coating/noncured ormosil coatings ex-
hibited enhanced corrosion protection of the aluminum
alloy as indicated by an increase in Rcorr from 9-10 k�cm2

for single layer trivalent chromium conversion coatings to
141-147 k�cm2 for multilayer films containing noncured
ormosil. Introduction of a curing agent into the ormosil
coating increased Rcorr values to 158-161 k�cm2, indicat-
ing the magnitude of corrosion protection afforded by
these coatings is comparable to analogous multilayer co-
balt- and chromium-based coatings.

Comparison of the Effectiveness of Single
and Multilayer Coatings

Single layer hexavalent chromium and cobalt-based
conversion coatings, which contain active corrosion in-
hibitors, provide substantially improved corrosion resis-
tance compared to trivalent chromium conversion coat-
ings. This trend is evidenced by comparing the corrosion
resistance values, Rcorr, for hexavalent chromium and co-
balt conversion coatings. Values of 120-158 k�cm2 were
observed for hexavalent chromium and cobalt conversion
coatings; values of 9-10 k�cm2 were observed for trivalent
chromium conversion coatings.

Overcoating surface pretreatments with an ormosil layer
led to an increase in corrosion protection for all conver-
sion coatings investigated. For example, the values of Rcorr

for multilayer coating systems composed of either
hexavalent chromium-, trivalent cobalt-, or trivalent chro-
mium-based conversion coatings with a noncured ormosil
topcoat are in the range of 141-194 k�cm2, as compared to
48 k�cm2 for single layer noncured ormosil thin films.
Similarly, the values of Rcorr of multilayer coatings com-
posed of a conversion coating and a cured ormosil are in
the range of 161-250 k�cm2, as compared to 141 k�cm2 for
single layer cured ormosil thin films. Similar changes
were observed for Epit and Ecorr values for the coating
systems under investigation. The results of this study
indicate that both the presence of the underlying conver-
sion coating and the curing agent in the ormosil film affect
the corrosion resistance of the multilayer coating system.

CONCLUSIONS

Electrochemical and salt spray analyses indicate that single
layer hexavalent chromium and cobalt conversion coat-
ings containing active corrosion inhibitors provide en-
hanced corrosion protection of 2024-T3 aluminum alloy
when compared to trivalent chromium conversion coat-
ings. Multilayer ormosil/conversion coating systems ex-
hibit enhanced corrosion protective properties as com-
pared to single layer conversion coatings. Rcorr values
obtained for the investigated multilayer systems were 141-
194 k�cm2 for noncured ormosil coatings and 161-250
k�cm2 for cured ormosil coatings. Implications of these
findings present the option of using environmentally be-
nign conversion coatings in place of hexavalent chro-
mium. The use of multilayer coatings makes enhanced
corrosion protection of 2024-T3 aluminum alloy possible

by combining previously developed corrosion protection
methods with emerging technology.
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