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ABSTRACT

This paper discusses a micro-linear polarization resistance
(LLPR) sensor modified to perform coating evaluation by
means of electrochemical impedance spectroscopy (EIS). A
circuit model is used with the EIS data to measure solution
resistance, pore resistance, charge transfer resistance, intact
coating capacitance, and double layer capacitance. These
measurements allow the end user to monitor degradation of
protective coatings in real-time, through non-destructive
means. This is demonstrated through an accelerated aging
test using a coated metal plate with a modified pLPR
sensor. A metal panel made from aluminum alloy 7075-T6
was coated with 2 mils of an epoxy-based polymer coating
and 2 mils of high solids polyurethane. The sensor was
adhered to the face of the coated panel in a manner that
allowed the electrolyte solution consisting of 3.5% NacCl to
flow between the sensor and the coated surface of the panel.
EIS measurements were acquired every hour for a total of
35 hours and at the conclusion of the test, changes in key
parameters within the circuit model identified the initial
time and mechanism of coating degradation, in this case,
delamination.

1. BACKGROUND

Polymer coatings are commonly applied to metal substrates
to prevent contact with natural elements that initiate and
perpetuate corrosion. This corrosion process requires the
metal be in contact with oxygen and an electrolyte.
Protective coating integrity is of utmost importance to
maximize remaining useful life of equipment and minimize
costs associated with maintenance and repairs.
Electrochemical impedance spectroscopy (EIS) provides a
means of monitoring the present condition of a protective
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coating.  Small defects in the protective coating, if
undetected and unaddressed, can lead to coating failures,
thus providing pathways for the electrolyte to reach the
metal substrate.

The British Standards Institution's (BSI) Publicly Available
Specification for the optimized management of physical
assets defines asset management as the “systematic and
coordinated activities and practices through which an
organization optimally and sustainably manages its assets
and asset systems, their associated performance, risks and
expenditures over their life cycles for the purpose of
achieving its organizational strategic plan.” The motivation
for effective asset management is driven by owners’ desire
for higher value assets at less overall costs, thus extracting
the maximum value from their assets (Engineering, 2012).
Condition-based maintenance aims to maximize asset value
by extending the useful life of assets through mitigation of
unnecessary maintenance actions performed during schedule
based maintenance strategies. By providing maintenance
engineers with information regarding the health of the
structure, maintenance can be performed on a basis of
necessity unique to each asset, as opposed to schedule-based
predictions formed on statistical trends of operational
reliability.

Protective coatings are the first line of defense against
corrosion for metal substrates. Coatings aim to prolong the
integrity of metal structures by creating a barrier between
the elements and the metal substrate. Removing the
possibility of contact with electrolytic fluid prevents
electron transfer between the anodic and cathodic portions
of the metal, which prevents the oxidation-reduction
reactions that lead to metal loss. EIS measurements
evaluate the integrity of the protective coating and are the
first indication of compromised structural health of an asset.

The micro-linear polarization resistance (LWLPR) corrosion
sensor presented in this paper, provides insight into the
health of coated metal structures through non-destructive
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testing. In its native configuration, this sensor is capable of
identifying coating failure through changes in polarization
resistance and time-of-wetness measurements which is
further explained in (Brown, 2014). By measuring changes
in the electrochemical properties of the coating, EIS is able
to monitor coating degradation over time. Coupling EIS
with linear polarization resistance provides a broader
assessment of structural and coating integrity by answering
“why” and “how” failure occurs on susceptible components.

EIS can be used as a non-destructive method of performing
coating evaluation in real time. Impedance values of the
electrochemical cell are determined by applying a sinusoidal
voltage at various fixed frequencies and measuring the
current response. Impedance is calculated from the
current’s magnitude and phase response with respect to the
applied potential across an electrochemical cell. Typically,
EIS measurements are represented by either Bode or
Nyquist plots. After acquiring EIS data, a circuit model
representing the impedance of the coating is selected that
provides the best fit for experimental data. Once the
appropriate model is selected, it is possible to extract values
for model parameters, such as resistance and capacitance.
EIS provides insight into how each parameter changes by
the electrochemical properties of the coating as the coating
degrades over time; this provides insight into the level and
type of degradation taking place (David Loveday, 2004;
Gamry Instruments, 2011).

2. LITERATURE REVIEW

Coating degradation is a costly problem that many
industries face. The best way to minimize costs associated
with corrosion is to mitigate the effects through preventative
conservation. Similar to the metal substrate, the coating
degrades over time leaving the metal exposed to the
elements. Providing service engineers insight into the state
of their protective coatings is not only critical when dealing
with valuable equipment, but also in the preservation of
historical artifacts, where corrosion is taking place on
priceless historical pieces (Emilio Cano, 2010).

Proper application of the coating is one of the main factors
affecting lifetime and performance. Improper application of
the coating can lead to poor adhesion to the metal substrate
which provides pathways for corrosive substances to
undercut the coating and compromise the coating's ability to
protect the metal from corrosion. EIS provides a means of
monitoring and evaluating the key parameters that change as
the coating degrades over time, providing the user an
opportunity to intercept the degradation pathways with
preventative maintenance strategies (Api Popoola, 2014; M.
Taqi Zahid Butt, n.d.).

3. IMPEDANCE AND EQUIVALENT CIRCUIT FOR COATING
EVALUATION

The use of EIS to measure coating degradation relies on
impedance measurements. Impedance is a measure of a
circuit’s ability to resist current and is defined as the ratio of
the applied voltage to the current. A small amplitude
sinusoidal excitation signal is applied across the coating.
The amplitude of this excitation signal must be low, as the
simple linear relationship relating resistance to current and
voltage, shown in Eq. (1), becomes non-linear with more
complex circuits.

R= £ , (equation for an ideal resistor) €8
1

where E is the voltage and I is the current. In more complex
non-linear systems, impedance is the metric used to
represent the circuit’s ability to resist the flow of current.
By applying a small amplitude excitation potential to the
electro-chemical cell, it is possible to observe a pseudo-
linear response in the response current which is shifted in
phase. This excitation potential is expressed according to

Eq. (2)
E: = E, sin(ar), ()

where E is the applied potential, E, is the amplitude of the

applied potential, and ® is the radial frequency (2mf). The
response current is expressed according to Eq. (3)

I = 1, sin(wt + @), 3)

where 1, is the response current, /, is the amplitude of the
response current, @ is the radial frequency, and ¢ is the

phase. The impedance is then defined as the ratio of the
applied potential to the response current as shown in Eq. (4)
E
Z=—"L 4
7 4)

t

A potentiostat is used to apply a frequency sweep of the
potential across the electrochemical cell and measure the
response current. These data are then used to calculate the
resulting impedance. Data is plotted using a Bode plot
which displays phase and impedance as a function of
frequency. EIS relies on fitting a model to impedance
values based on an equivalent circuit representation of the
interrogated electrochemical system. Impedance values for
different circuit components are listed below in Table 1.
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Table 1. Circuit components and corresponding impedance
values.

Circuit Component Impedance (Z)

Resistor R
Inductor JwL
Capacitor 1/(JoC)

Where R = Resistance, w is radial frequency, L is inductance,
J=+=1, and C is capacitance.

For a linear system and circuit components wired in series
(Figure 1), the equivalent impedance value is calculated
according to Eq. (5).

d={fHzk .

Figure 1. Circuit components wired in series.

Z,=2+Z,+.+Z, . Q)

For circuit components wired in parallel (Figure 2), the
equivalent impedance value is calculated according to Eq.

(6).

Figure 2. Circuit components wired in parallel.

! ! +L+...+i. (6)
Z, z

n

Z, Z
In order to use EIS to perform coating evaluation, a circuit
model is used to represent the physical system comprising
the electrochemical cell. A coated metal plate is wired as
the working electrode and is submerged in an electrolyte.
Reference and counter electrodes are placed in the
electrolyte as well. As an alternating potential is applied to
the working electrode (the coated panel), the metal
substrate, coating, and electrolyte form a capacitor, whose
value is referred to as the coating capacitance (Cc). The
metal substrate and electrolyte form parallel plates, while
the coating acts as the dielectric barrier. An additional
capacitor is formed when the coating begins to delaminate
and electrolyte has penetrated the space between the coating
and the metal substrate. The electrolyte and the metal form
the two plates of the capacitor, while a single layer of water
molecules (Helmholtz Plane) separates the two plates
forming the dielectric. This capacitance is referred to as the
double layer capacitance (Cq). The circuit model shown in
Figure 3 is commonly used to represent metal with

protective coatings (Loveday, 2004; Mike O'Donoghue,
2003).

C

R

ct

Figure 3. Equivalent circuit diagram for paint used for EIS.

In the circuit model, R; is the solution resistance, Ry, is the
pore resistance, C, is the intact coating capacitance, Cy is
the double layer capacitance, and R is the charge transfer
resistance. Once the model has been fitted to the data,
changes in the model's parameters offer insight into the
health of the coating. For example a decrease in coating
capacitance represents deterioration of the coating’s ability
to shield the metal substrate from the environment. Another
example is the pore resistance, which provides information
on the effectiveness of the coating. As pores in the paint
begin to expand over time, the resistance associated with
these pores decreases. This parameter provides a general
indication of paint degradation (Gamry Instruments, 2011;
K. M. Deen, 2009). Figure 4 provides a physical
representation of the circuit model used to interpolate the
impedance data.

Metal
Substrate

Electrolyte Coating

Solution T
Resistance

Coating
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Figure 4. Physical representation of the equivalent circuit
model for damaged coating.
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4. EXPERIMENTAL RESULTS

4.1. Test Plan

Research is currently being conducted using a modified
LLPR corrosion sensor for EIS measurements. The first EIS
test cell is configured as depicted below in Figrue 5.

Metal Substrate

Electrolyte

Figrue 5. EIS experimental setup depicting a coated metal
panel acting as the working electrode and a two electrode
sensor connected to the counter and reference electrodes.

First, a metal panel made from aluminum alloy 7075-T6 is
coated with 2 mils of an epoxy-based polymer coating and 2
mils of high solids polyurethane. The sensor is then
adhered to the face of the panel with industrial strength
epoxy. The bonding agent (industrial strength epoxy) is
placed on opposing edges of the sensor so as to adhere the
sensor to the surface of the painted metal plate in a manner
such that the ambient environment is allowed to rapidly
diffuse between the sensor and the painted substrate. The
coated metal plate is then connected to a potentiostat as the
working electrode. Two leads are connected to the sensor;
one as the counter electrode and another as the reference
electrode. A baseline EIS measurement is then taken with
the sensor and panel in ambient air.  The coated
panel/sensor configuration is then placed in a solution
containing 3.5% sodium chloride in deionized water.
Another EIS measurement is taken immediately after
submerging the panel/sensor configuration. EIS
measurements are then taken every hour following
submersion in the electrolyte solution. A circuit model is
then selected based on the fit criteria between the expected
and acquired EIS data.

Figure 6. Singleton corrosion test chamber used to run
ASTM G85 AS cyclic fog test.

Coating evaluation is also currently being conducted using
the modified pLPR for coated panels in a Singleton
corrosion test chamber, shown in Figure 6. A panel coated
with 4 mils of an epoxy-based polymer coating and 2 mils
of high solids polyurethane was placed in a Singleton
corrosion test chamber.  Prohesion testing is being
performed following the ASTM GS85 Annex AS Dilute
Electrolyte Cyclic Fog/Dry Test. This test consists of a 1
hour fog at 25°C followed by a 1 hour dry-off period at
35°C. The electrolyte used for the fog is made up of 0.05%
sodium chloride and 0.35% ammonium sulfate by mass in
deionized water.

4.2. Results

To test the system’s ability to perform coating evaluation in
a typical laboratory environment, an experiment was
conducted. A metal panel made from AA 7075-T6
measuring 7.6 cm x 1.91 cm x 0.16 cm was used for this
accelerated coating evaluation experiment. Three quarters
of the panel was coated with 2 mils of an epoxy-based
polymer coating. A pLPR sensor was adhered to the face of
the painted portion of the panel. The working lead of the
potentiostat was connected to the uncoated portion of the
panel. The counter electrode and reference were connected
to the pLPR sensor as shown in Figure 7. A 10 mV AC
signal operating between 10 mHz and 10 MHz was utilized
as the interrogation waveform. The coated panel was
partially submerged in a graduated cylinder containing 3.5%
sodium chloride such that only the coated portion of the
plate was submerged while the uncoated portion of the plate
and working electrode interface were outside the solution.
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Figure 7. Photo of sensor and coated panel configuration
(left) and sensor, coated panel with working electrode, and
graduated cylinder with panel partially submerged in
solution of 3.5% sodium chloride (right).

Data collection was set at one-hour intervals. The plots
shown display the changes in R, C., Ry, and Cy over the
35 hours of data collection for the submerged panel. Once
the panel is placed in the solution, the coating begins to
absorb electrolyte through its pores. This process causes the
coating thickness to expand. As the coating absorbs fluid,
the dielectric constant for the coating increases, causing an
increase in coating capacitance, which is observed in the
first 8 data sets, as shown in Figure 8. After around 9 hours,
a drastic drop in R,,, C;, and R was observed, indicating
electrolyte penetrated through to the metal substrate (coating
failure). At the time of coating failure it was observed that
there was an increase in Cy. This increase in capacitance
can be attributed to electrochemical reactions occurring on
the surface of the metal. After removing panel from the
solution, regions of paint delamination were present across
both faces of the plate.
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Figure 8. Plots of the pore resistance (a), coating
capacitance (b), charge transfer resistance (c), and double
layer capacitance (d) collected at 1 hour intervals.

5. CONCLUSION

In this paper, a uLPR sensor was used with EIS for coating
evaluation. An accelerated corrosion test was performed on
a coated metal plate. EIS data was collected over 35 hours
which showed a sharp decrease in R,,, C., and Ry and a
sharp increase in Cy during the duration of the experiment.
The data showed failure of the protective coating 9 hours
into the test, due to the thin coating layer and high salt
concentration. Key parameters were evaluated within the
circuit model to identify the mechanism of coating
degradation. Further, this experiment showed the shielding
present on Analatom’s micro-sensor was sufficient to reduce
the effects of ambient electromagnetic interference when
operating outside of a Faraday cage.



ANNUAL CONFERENCE OF THE PROGNOSTICS AND HEALTH MANAGEMENT SOCIETY 2014

6. FUTURE WORK

Future work is necessary to further understand the
relationship between mechanisms of coating failure and key
modeling parameters. This will involve operating under
more stringent conditions, such as in a corrosion chamber
running the ASTM  BI117 profile. Testing within a
corrosion chamber presents challenges due to the additional
electromagnetic interference generated by the chamber and
the inability to enclose the electrochemical cell within a
Faraday cage. Multiple coating types will need to be tested.
Experiments involving coated metal samples with controlled
coating defects need to be conducted to attain information
with regard to the fault propagation rate as well as the radius
of detection for the pLPR sensor.
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