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The tropical marine environment is highly
corrosive, and improved corrosion protection and

control methods are needed to protect assets and
infrastructure subjected to it. One solution to this problem
Is the “smart” appliqué. The technology, a peel-and-stick
fluoropolymer film with a sensor electrode and pressure-
sensitive adhesive, provides corrosion protection and
condition monitoring to alert an inspector if the appliqué
has been damaged or has deteriorated. Electrochemical
impedance spectroscopy measurements using the
embedded sensors allow condition monitoring. The
sensors can detect poor appliqué installation or damage
to the appliqué before any damage to the structure occurs.
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orrosion of test assets and
other structures used by
the U.S. Department of
Defense (DoD) Missile
Defense Agency (MDA)
(Arlington, Virginia) and
other DoD branches is an
ongoing maintenance and reliability issue.
Corrosion costs the DoD an estimated
$20 billion per year—the greatest factor

in life-cycle costs.! The cost of repairs,
maintenance, and replacement is a direct
cost. Injuries and the loss of readiness are
additional indirect costs, which cannot be
assessed in dollar amounts—especially
during a national emergency or war-
time.

Corrosion is aggravated by the need to
operate in some very corrosive environ-
ments. For example, MDA has test assets
at remote locations at the Kwajalein Atoll
in the Marshall Islands in the Pacific
Ocean (Figure 12). Critical test assets in-
clude radars as well as civil and base in-
frastructure (buildings, water and fuel
systems, and power plants). Such marine
locations, especially those in hot climates,
are particularly corrosive. The entire is-
land is exposed to a nearly continuous
saltwater mist. The facilities’ remoteness
further exacerbates the situation by limit-
ing the staff available to perform frequent
maintenance.

The corrosiveness of the tropical envi-
ronment is exemplified by a $500,000
boom truck that corrosion made unsafe
and useless at Kwajalein Atoll after only
3 years of operation. The constant salt
spray from the Pacific corrodes all struc-
tures and equipment, dramatically re-
duces operational lifetime, and increases
life-cycle costs.

The most common approach to pre-
venting corrosion of metallic structures is
applying protective coatings. Paints can
be very effective, but they weather, crack,
or otherwise degrade or get chipped or
scratched. Consequently, painted struc-
tures must periodically be repainted—a
costly and labor-intensive process that
may involve environmental issues of waste
from old paint (lead, chromates) and
volatile organic compounds. Further-
more, the presence of a virtually continu-
ous salt spray creates a situation in which
the surface becomes recontaminated.
Thus, repaired and painted areas require
frequent treatment over short periods.
Numerous approaches have been at-
tempted, but a long-term solution has
been elusive.

To minimize coating maintenance,
there have been significant efforts to



modify or develop paint systems to com-
ply with ever-increasing air quality and
human protection demands. Parallel ef-
forts have demonstrated that paintless
application of films using pressure-sensi-
tive “peel-and-stick” (appliqué) adhesive
technology is another corrosion mitiga-
tion approach that is gaining momen-
tum.>”’

Appliqués have proven to be very suc-
cessful. Corrosion can occur under the
film, however. Improper film installation
or moisture intrusion through compro-
mised sections of the film also can cause
corrosion. Consequently, there is a need
for a smart, sensored appliqué whose con-
dition can be monitored with appropriate
instrumentation. Such a technology
would enable condition-based mainte-
nance, increase system reliability, and
decrease cost. The sensored appliqué will
track corrosion damage from its early
stages, indicate an assessment of current
condition, and provide a prediction of
future condition based on accelerated
laboratory testing.

Several fluoropolymer-based, paintless
corrosion protection systems have been
developed in the past several years for ap-
plications in the chemical and food pro-
cessing and transportation industries. The
appliqués have demonstrated high perfor-
mance levels for protection from severe
chemical, temperature, and other corro-
sive environments.

In parallel efforts, an in situ corrosion
sensor has been developed that can detect
the early stages of coating degradation,
moisture uptake, and substrate corrosion
of painted structures.” The sensor, when
coupled with a portable potentiostat, is
suitable for both laboratory and field in-
spection. The “smart” appliqué is illus-
trated in Figure 2. Here a metal mesh or
expanded metal foil is added to the ap-
pliqué between two layers of pressure-
sensitive adhesives. The smart appliqué
thus acts as a sensor electrode.

The smart appliqué system itself offers
the following advantages:

* Excellent corrosion protection capa-

bilities

* Hand application in an open envi-

Aerial view of the Kwajalein Atoll in the Marshall Islands illustrating factors contributing to a high-
corrosivity environment: tropical location, proximity of all locations on the island to the ocean, and
low elevation providing no wind blocking. U.S. Army photo.
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Schematic representation of the smart appliqué showing the embedded sensor electrode.
|

ronment without the need for a respi-
rator

o Self-sealing capabilities, forming an
almost complete vapor barrier. Appli-
qués can be applied quickly; patching

may take an hour. An appliquéd sur-
face can be repaired more rapidly than
a painted one.

* Minimal cleanup costs with concur-
rent elimination of most hazardous
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Example of steel specimens after salt fog exposure before and after removal of no-defect

appliqué.

materials, yielding reduced air emis-
sions, wastewater generation, and haz-
ardous waste disposal

* Excellent adhesion and flexibility so
that strains, vibration, and shock will
not crack the film and allow corro-
sion

* Removal using hot, high-pressure
water, yielding nonhazardous waste

* Elimination of “weight creep” from
repair-related overpainting of the stan-
dard 6- to 12-mil (150- to 300-pm)
military paint coat

* Appliqué shapes that can be stored
on a computer and cut from flat film
“on-demand,” using a plotter/cutter
when recoating a surface

* Condition monitoring to alert an
inspector if the appliqué has been
breached or otherwise damaged and
corrosion is occurring beneath the

film
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* Muldifunctionality capabilities, in-
cluding nonstick/antigraffiti surfaces,
lightning strike protection, electro-
magnetic interference (EMI) and ul-
traviolet shielding, thermal reflectivity,
chemical agent resistance, camouflage,
and secondary containment.

Experimental Procedures

Aluminum and steel panels were pre-
pared using MIL-P-24441 type IV epoxy-
polyamide primer and appliqués with
embedded corrosion sensors. The panels
underwent 2,000 h of salt fog exposure
(ASTM B117'). Both steel and alumi-
num substrates were protected with three
smart appliqué film materials: poly-
vinylidene fluoride (PVDE), polyethylene
chlorotrifluoroethylene (ECTFE), and
polyperfluoromethyl vinyl ether (MFA).
An appliqué without the embedded sen-
sor was used to protect the back and
edges of the specimens. Thus, the sensing
area was limited to the front surface.

One set of specimens consisted of in-
tact appliqués, such as those in a field
application. As expected, these specimens
did not corrode in 2,000 h of salt fog
exposure. Other specimens had deliberate
defects intended to facilitate corrosion
within this period. In one set, the front
appliqué was scribed to the metal. In the
other set, a hole was drilled from the
backside to allow salt and moisture ingress
below the intact front appliqué.

Periodically, electrochemical imped-
ance spectroscopy measurements were
taken using the embedded sensor elec-
trode and a handheld sensor probe on the
top of the appliqué. For the latter mea-
surement, conditions were chosen so that
the intact area of the appliqué was in-
spected without altering the intentional
defects. Accordingly, these conditions
provided a useful environment for evalu-
ating the effectiveness of the different
fluoropolymers.

Results and Discussion

The authors observed no corrosion in
the no-defect specimens, including those
from which the appliqué was removed to
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Low-frequency impedance as a function of time for no-defect, back-defect, and scribed-steel
specimens. The data are averaged over sensor electrode (copper or aluminum) and adhesive

(corrosion inhibitor or no corrosion inhibitor).

check the underside (Figure 3). Small
amounts of corrosion were seen at some
of the back holes but not in others. Mois-
ture ingress via the hole also was detected
in some specimens between the appliqué
and primer. Rust streaks were observed
from the scribed steel specimens; minimal
corrosion was seen on the scribed alumi-
num specimens.

Even with the scribe, there was little
undercutting and corrosion below the ap-
pliqué. For aluminum panels, the under-
cutting was <0.04 in. (1 mm). Corrosion
of steel panels after 2,000 h of salt fog
exposure ranged from <0.04 to ~0.08 in.
(2 mm).

Figure 4 shows typical impedance
spectra for the no-defect, back-defect, and
scribed specimens. Initially, the low-
frequency impedance in each case is ap-
proximately 10° Q—excellent for a
primer. Upon exposure to the salt fog
environment, the impedance of the
scribed specimen drops immediately by
several orders of magnitude; this reflects
the breach in the appliqué and primer and
ingress of moisture to the substrate.
Hence the sensors have a very clear indica-

tion of appliqué defect as might be caused
by a gouge or other mechanical damage.
The other two specimens with the intact
sensing or smart appliqué decrease in im-
pedance only slowly with time, with the
back defect specimen showing a slightly
greater decrease. The relative decreases in
low-frequency impedance for the different
conditions are best illustrated by averag-
ing over all examples of a given defect.

Figure 5 gives the low-frequency im-
pedance as a function of time. The no-
defect specimens show a gradual decrease
in the impedance over time from 10? Q
to ~107 Q. In contrast, the scribed speci-
men shows an immediate drop in imped-
ance to 10° Q to 10* Q as moisture
reaches the substrate. Note that no visible
signs of corrosion were apparent at this
time.

The back-defect specimens exhibited
impedances ranging between the two ex-
tremes. These specimens showed the
greatest specimen-to-specimen variability
both in impedance and appearance. The
impedance correlated well with the pres-
ence or absence of corrosion at the end of
the test. The three specimens with imped-
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Low-frequency impedance as a function of salt fog exposure averaged over the three film
chemistries. The data were acquired with an external hand-held sensor to inspect the appliqué

itself.

ance ~107 Q had visible corrosion prod-
ucts; the one with the highest impedance
had no visible signs of corrosion.

The investigators also took hand-held
sensor measurements to track any degra-
dation of the appliqué itself. The measure-
ments described above pertained to the
primer below the appliqué. One would
expect the primer to show signs of degra-
dation before the appliqué would, so it
serves as an early warning. Figure 6 shows
measurements of the no-defect specimens,
averaged over each of the three film chem-
istries. The impedance remains high for
each film with no significant difference
among them, indicating excellent corro-
sion protection with no degradation—a
finding supported by the photographs

and the internal sensor measurements.

‘The conclusions can be summarized as
follows:

* The appliqués provide excellent cor-

rosion protection.

¢ The embedded sensor enables detec-

tion of appliqué defects and condition

monitoring.

* The three fluoropolymers each gave
equivalent corrosion protection in the salt
fog test.
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