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ABSTRACT
Examples of experimental protocols and competitive analyses for coating selection for transmission and
distribution (T&D) structures are provided in this paper. The tests were conducted in different electrolytes, with
painted galvanized and non-galvanized steel including solutions with high chloride, soil, solutions with different
salt concentrations and aqueous solutions using deionized water, sea water and corrosive water, etc. The results
provide an indication of coating quality and corrosion resistance. Coating evaluation using various combinations
of electrochemical impedance spectroscopy (EIS) and other tier testing techniques including cathodic
disbondment and cathodic protection shielding is also considered. Finally, methods of EIS-based technologies
for rapid evaluation of organic coatings are reviewed and case histories in T&D utility industry is presented.
Key words: coating selection, coating evaluation, transmission and distribution structures, electrochemical
impedance spectroscopy, case studies
INTRODUCTION
Paint coatings are first defense for transmission and distribution, or T&D, structures. Previously, the authors
applied failure analysis methodology to the principal mechanisms by which paints and coatings fail during
service; with specific application to case studies involving T&D pipelines and utility structures.1,2 Electrochemical
impedance spectroscopy (EIS) combined with accelerated environmental exposure tests, such as cyclic salt
spray (fog) tests, humidity tests, immersion exposure tests and ultraviolet light exposure tests; can help to
evaluate the corrosion resistance of coatings for T&D structures and their performance in barrier properties.
When used with accelerated environmental exposure tests, EIS acts as a quantitative detector of coatings
quality. The organic coatings resistance generally degrades with time. The degradation is associated with
corrosive ions and water penetration into the coatings, transport of ions through the coating, and subsequent
corrosion reactions at the polymer-metal interface.
However, rating and evaluating organic coatings with high-performance corrosion protection properties are at
times challenging. New performance parameters which meet these demands have been developed by
incorporating new concepts, terminology, theoretical calculation and unique electrochemical setups into
traditional EIS testing.
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LABORATORY TECHNIQUES FOR EVALUATION OF COATINGS ON STEEL
.
There is a wide variety of testing methods currently available for evaluation of paints and coatings on steel.
Sophisticated and highly calibrated laboratory equipment can detect the slightest imperfections on a specimen,
and accurately identify the inherent characteristics. Many of these techniques are described by the authors in
more detail in an earlier paper.3 These include the following.







Macroscopic examination.
Microscopic examination – optical and scanning electron microscopy.
Physical testing - thickness testing, pinhole testing, adhesion testing, and determination of the plane
of delamination, hardness testing, and surface roughness (profile) testing.
Chemical analysis - Fourier transform infrared spectroscopy for organic functional group analysis,
gas chromatography – mass spectrometry for organic compound separation, identification and
quantification, differential scanning calorimetry for melt range and thermal properties, scanning
electron microscopy with associated energy dispersive x-ray spectroscopy for elemental analysis,
and x-ray photoelectron spectroscopy for surface elemental analysis.
Accelerated environmental exposure tests - salt spray (fog) tests, humidity tests, and ultraviolet light
(QUV).

Accelerated exposure testing can be complemented with electrochemical impedance spectroscopy (EIS). The
organic coating resistance generally degrades with time. The degradation is associated with corrosive ions and
water penetration into the coating, transport of ions through the coating, and subsequent corrosion reactions at
the polymer–metal interface. Typical standard coating immersion tests can take hundreds or thousands of hours.
However, the EIS technique can provide reliable data on performance in a relative short time.
Electrochemical Impedance Spectroscopy
The resistance of an organic coating generally degrades with time. The degradation is associated with corrosive
ions and water penetration into the coating, transport of ions, through the coating, and subsequent corrosion
reactions at the polymer–metal interface.
The electrical impedance of a coating is the most direct measure of a coating’s barrier properties and ability to
protect against corrosion. All coating properties relevant to corrosion protection can be described in terms of
their effect on coating impedance: Embrittlement, cracking, excessive porosity, poor adhesion, and ultraviolet
degradation are common coating problems whose ultimate failure mechanism is the creation or enlargement of
channels through which water, dissolved oxygen, and soluble ions can reach the substrate. Electrochemical
impedance coupled with exposure to the intended environmental stressors is the most direct method of
establishing the quality of corrosion preventative coatings.
Definition of Impedance
Electrochemical impedance is measured by applying a small sinusoidal voltage V(t) = Vmsin(ωt) across the
coating, and measuring the induced current I(t) = Imsin(ωt + θ) through the coating. The ratio of the voltage to
the current defines the electrical impedance. The voltage used is small to remain within the linear region of the
current-vs voltage curve of the substrate, and to avoid polarizing the coating. The magnitude of the impedance
is |Z| = Vm/Im, and its phase is θ. Typically the impedance is expressed as a complex number, ie. Z = (|Z|cos(θ)
+ j|Z|sin(θ)), which simplifies manipulation and analysis. Due to the presence of capacitance and time-dependent
kinetics, the magnitude and the phase of the impedance change with the angular frequency ω of the stimulus. It
is the spectra of these frequency dependencies that yield diagnostic information about the coating. Typically,
one fits a model electrical circuit’s spectrum to the observed data and discusses the changing values of the
model.
Only in the case of a resistor does the impedance not vary with frequency, and the induced current is in phase
(θ = 0) with the applied voltage. Painted metals exhibit varying degrees of capacitance, or the ability to store
electric charge on conductors separated by an insulator. Ideal coatings’ impedance spectrum is exclusively
capacitive, and is modeled by Figure 1. Capacitance causes the induced current from an applied sinusoidal
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voltage to be phase-shifted as an electric field charges and discharges with each cycle. The impedance of a
capacitor Zcap is 1/jωC, where C=capacitance in Farads, ω is the angular frequency = 2πf and f is frequency
in hz , and j is √-1. It will be noticed that since ω is in the denominator, as ω → 0, Zcap→ ∞, thus the impedance
of a capacitor to steadily applied voltages (i.e. ω=0) is infinite and no current flows. At non-zero frequencies, a
capacitor by itself shifts the phase of induced current by -90º relative to the voltage waveform as well as scaling
the magnitude by 1/C. Figure 1 shows the equivalent electric circuit of an ideal coating modeled as a capacitor
in series with a highly conductive electrolyte. Figure 2 shows the impedance magnitude vs. frequency for a range
of ideal coating capacitances. Usually coatings are not ideal, i.e. the impedance magnitude vs. frequency is not
the straight line of Figure 2. Instead, they exhibit some finite resistance R in parallel with the coating capacitance
through which current can leak when a steady voltage is applied (Figure 3). The impedance of this system is Z
= (R-1 + jωC)-1. This resistance is known as the pore resistance or equivalently the coating’s resistance to ionic
transport. (When performing EIS on good or even mediocre coatings, one need not be overly concerned by the
inclusion of the impedance of the electrolyte solution, Rsoln, since even poor coatings have impedances > 106
ohms, while the typical 3.5wt% NaCl electrolyte is <102 ohms. Excellent coatings are commonly > 1010 ohms.)
By fitting a model so its impedance agrees with the observed spectrum, the two most informative coating
properties, coating resistance to ionic transport (R) and coating capacitance (C) can be determined. Of these,
exposure-induced changes in the coating resistance to ionic transport is the most fundamental predictor of
corrosion resistance of a coating.
An Ideal Coating
An ideal coating acts electrically like a perfect capacitor in series with the small resistance of the electrolyte used
to wet the coating (Figure 1). The phase of the induced current will be phase shifted -90º, and as the frequency
of the applied voltage approaches zero (DC) the impedance will approach ∞ (i.e. no current I will pass the coating
since I=V/Z = V/∞ = 0). Most visually salient is the linearity of a plot of log 10(|Z|) vs. log10(ω=2πf), which has a
slope of -1. The coating capacitance can be read from the impedance vs. frequency plot, since |C| = 1/(2πfZ).
Changes with exposure.
As coatings are exposed to the environment, changes in the electrical impedance indicate the progress of the
coating through the stages of hydration, increasing pore conductivity, and active corrosion:
Hydration
Hydration of the coating results in an increase in the coating’s relative electrical permittivity, since the relative
permittivity of the water which hydrates the coating is in the range of 10 to 40 times higher than that of the coating
or air. This increase in permittivity results in a proportional increase of the coating’s capacitance C. As coating
capacitance increases, there is a reciprocal decrease in Z.
Figure 2 shows the impedance versus frequency for pure capacitances. When impedance curves are observed
to translate in this fashion, coating absorption of water can be concluded and estimated using the relative
electrical permittivities of the coatings.
Beginnings of Corrosion
As an electrolyte permeates a coating and makes contact with the underlying metal, the impedance spectrum
reveals an increasingly conductive path circumventing the coating, modeled as a decreasing resistance Rpore
in parallel with the coating capacitance. The simplest approximation of this circuit is known as a Randles cell,
shown below (Figure 3). In contrast to the impedance spectrum of an ideal capacitance which is unbounded at
low frequencies, the low frequency impedance of a Randles cell is bounded by the pore resistance (Figure 4).
The pore resistance is particularly informative since once corrosion has begun, it determines the rate of subsurface corrosion.
In general, corrosion activity is not significant if the coating exhibits capacitive dielectric behavior and Rp does
not change as a function of time. On the other hand a decreasing Rp certainly means there is electrolyte at the
interface and corrosion is taking place (dispersed versus water at the interface). An Rp greater than or equal to
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1010 ohm-cm indicates that no corrosion is taking place.
Disbondment
As corrosion progresses, disbondment of the coating from the substrate may occur in the vicinity of ionconductive pores. In the resulting blister, additional dynamics are introduced by the parallel capacitance and
resistance of the metal-liquid boundary, but the impedance of this boundary is in all but the worst coating failures
dwarfed by the much larger pore resistance.
The Percentage of Protection measure is used to summarize the changing frequency-dependent impedance of
a coating. Coupled with an estimate of the low frequency impedance which approximates the pore resistance,
these measures form a reliable method of comparative coating evaluation. Percentage of initial protection is
defined as the percentage of initial area under the impedance magnitude plot (on log-log axes). For an excellent
review of electrochemistry and impedance spectroscopy, the reader is referred to the books of Bockris et al.4
and Macdonald5.
Careful application of EIS technique in conjunction with other methods of testing can be tremendous aid in quickly
selecting good coatings and excluding bad ones. Salt spray testing is frequently used to measure the corrosion
resistance properties of the coating in the presence of corrosive conditions containing chlorides. Although salt
spray testing accelerates the corrosion attack experienced on coated panels, it can take 2000-5000 hours for
visible signs of degradation to appear. Changes in the impedance spectrum appear well before such
macroscopic degradation, as shown in the following case studies.
CASE STUDIES
The following three case studies are presented illustrating the use of electrochemical impedance spectroscopy
in conjunction with other laboratory techniques to determine the suitability of various paint/coating systems as
replacement and repair coatings for T&D structures.
Case Study 1 – Coatings for T&D Galvanized Structures Used in Both Atmospheric and Soil
Environments
In accordance with a client’s request, the authors conducted extensive long term exposure testing of seven
different types of coating systems. The coating systems were supplied by four different manufacturers. The
objective of the exposure testing was to determine which of the coating systems performed the best when
exposed to various simulated environmental conditions. The results of the testing were to allow the client to make
informed decisions on the next generation of galvanized structures used in both atmospheric and soil
environments. The testing included the following:





Salt fog exposure, including electrochemical impedance spectroscopy (EIS) and creepage and adhesion
evaluation.
Acidic chloride exposure, including EIS.
Cathodic disbondment testing.
Physical testing.

The test sample key in Table 1 below outlines the different sample manufacturers and coating types of each
of the samples. Salt fog exposure acidic chloride exposure, and electrochemical impedance spectroscopy are
the focus in this paper.
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Table 1
Test Sample Key
Sample Name

Coating Type

Control – Client’s Current System

Polyurethane

Manufacturer 1 – A

Epoxy / Aliphatic Polyurethane

Manufacturer 1 – B
Manufacturer 2
Manufacturer 3 – A

Epoxy
Polyurethane
Epoxy

Manufacturer 3 – B

Epoxy / Aliphatic Polyurethane

Manufacturer 4 – A

Polyurea without Wash Primer

Manufacturer 4 – B

Polyurea with Wash Primer

Salt Spray (Fog) Exposure and EIS
The samples received between 700 and 3500 hours of salt spray (fog) exposure.6 This amount of exposure
showed some definitive evidence of how the coating systems are currently performing in a salt fog environment.
EIS testing indicates that the Manufacturer 1 – B epoxy sample performed the best under salt fog exposure. The
Manufacturer 1 - An epoxy with aliphatic polyurethane topcoat also sample performed well. The Manufacturer 4
- B coating system without the wash primer also performed well. However, the Manufacturer 4 - A coating system
with the wash primer performed poorly in this environment and was eliminated after 700 hours of exposure. The
Manufacturer 3 - An epoxy coating exhibited fair performance in this evaluation. The Manufacturer 3 - B
epoxy/aliphatic polyurethane performed the best. Figure 5 presents the successive EIS spectra over time for the
Manufacturer 3 – B coating system, which illustrates the best retention of protection over the exposure period.
Table 2 on the next page outlines the EIS results during salt fog exposure.
Creepage and Adhesion after Salt Spray Exposure
To confirm the EIS test results, exposed specimens were also evaluated in three visible failure modes: (1) blisters
over the exposed panels, (2) corrosion along the scribe line on the panels, and (3) loss of adhesion where the
electrolyte has penetrated the interface between the substrate and coating. Creepage is defined as the distance
that the corrosion advances from the scribe line and is measured in millimeters or inches. 7 In thin films, the
degraded coating may flake off or even peel back. But, with thicker films, the failure may not be obvious.
Samples were removed from the salt spray chamber and then wiped dry. A heavy gage adhesive tape was used
to check for loss of adhesion. Many of the samples resisted the adhesive tape pull test, but after cutting deeper
along the scribe line and repeating the adhesion test, several of the coatings delaminated or separated from the
substrate. The exposed substrate showed signs that the electrolyte had undercut the coating, and white or red
iron rust was deposited between the coating and the substrate.
All coated panel specimens were evaluated for creepage and adhesion properties. Test results indicated that
Manufacturer 1 - B primer and 1 - A topcoat performed the best in comparison to the other tested specimens.
The 1 - B primer did not show any signs of blisters and did not experience any adhesion loss. The coating
remained very tough and is difficult to penetrate. The 1 – A topcoat experienced some adhesion loss at the
intersection of the scribe lines. The polyurethane control sample (with a coating thickness of 11 mils) exhibited
severe adhesion loss and creepage in a relatively short period of time. The samples from Manufacturers 2, 3,
and 4 show loss of adhesion and some large areas of creepage, particularly at the intersection of the two scribed
lines. Along the scribe lines, these samples had creepage ranging from 0.8 mm to 6.4 mm. Specific test data are
listed in the Table 3 on the next page. Manufacturer 3 – B showed the best performance.
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Table 2
EIS Results from Salt Fog Exposure
Duration of
Exposure

Final
Percent
Protection

Ranking

Manufacturer 3 – A
Manufacturer 3 – B

1100 Hours
2000 Hours

68%
94%

5
1

Manufacturer 2

1100 Hours

44%

6

Manufacturer 1 – A

3500 Hours

66%

4

Manufacturer 1 – B
Manufacturer 4 – B

3500 Hours
700 Hours

74%
68%

2
5

Manufacturer 4 – A
Control

2900 Hours
2000 Hours

70%
68%

3
NR

Sample

Table 3
Specific Test Data for Salt Spray (Fog) Exposure

Samples

Hours

Corrosion

Manufacturer 3 – A

2500

White Rust

Manufacturer 3 – B

3000

None
Red Rust at
Scribe
Intersection
Extensive Rusting
below Coating

2500
Manufacturer 2
Manufacturer 4 – B

700

Manufacturer 4 – A

1900

Red Rust

Manufacturer 1 – B
Manufacturer 1 – A

2500
2500

None
None

Control Panel 10-mils

2000

White rust

Adhesion
Loss, Delamination
Very little
Delamination
Loss, Delamination
Delamination
None
Very little
Delamination

Creepage

Rank

3.2–6.4 mm

4

None

1

Complete
Undercut

6

Extensive

7

0.8 – 6.4 mm

5

None
None

2
3

None

NR

Acidic Chloride Immersion and EIS
The samples were immersed in an acidic chloride solution consisting of 0.1 Molar hydrochloric acid at room
temperature. Table 4 on the next page shows the status of the coatings as of up to 3000 hours, based on EIS
measurements.
As the table shows, the one coat systems do not perform nearly as well as the two coat systems. Since the
Manufacturer 4 – A and 4 – B sample panels were coated to over 40 mils, this may explain the superior
performance exhibited of the coating during immersion testing. The acidic chloride immersion test samples did
not exhibit corrosion attack after up to 3000 hours of immersion. This is probably due to a lower exposure
temperature as compared to salt spray testing. Figure 6 presents successive EIS spectra over time for
Manufacturer 1 – B (Sample #2), illustrating the continuous degradation of the coating over time.
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Table 4
EIS Results from Acid Chloride Immersion
Sample
Manufacturer 3 – A (#0)
Manufacturer 3 – B (#1)
Manufacturer 1 – B (#2)
Manufacturer 1 – A (#3)
Manufacturer 2 (#4)
Manufacturer 4 – A (#5)
Manufacturer 4 – B (#6)

Duration of
Exposure
2100 Hours
3000 Hours
2100 Hours
3000 Hours
2800 Hours
3000 Hours
3000 Hours

Final Percent
Protection
64 %
100 %
54 %
93 %
99 %
100 %
100 %

Ranking
4
1
5
3
2
1
1

Summary of Test Results
Based on test results, it had been determined that epoxy/polyurethane coating systems exhibit the best
performance of all tested specimens when exposed to simulated laboratory test environments. The epoxy
coating systems tested by were Manufacturer 1 and Manufacturer 3 coating systems. Based on the authors’ field
and lab investigation of galvanized structures, it has become obvious that the future generation of coatings must
be resistant to cathodic delamination, provide an effective barrier to corrosive compounds and moisture, and
exhibit superior adhesion properties in corrosive environments. In addition, the selected coating must have UV
resistance when exposed to pole storage environments and when exposed to in- service conditions. Although
the test results are not presented here, of the coating systems tested and evaluated, it was found that
Manufacturer 1 - A coating system, with the UV top coat, exhibited the best overall all performance including UV.
Case Study 2 – Repair Coatings for Painted Galvanized Structures
The authors were contracted by a client to perform testing to evaluate two (2) types of repair coatings for repair
coating of galvanized structures, designated here as Repair Coating A and Repair Coating B. In order to evaluate
these coatings, a series of standardized tests were performed to evaluate specific coating characteristics.
These two coatings have been applied over the client’s previous coating system, designated here as Client
Coating. The manufacturers of Repair Coatings A and B supplied their coatings over the previous system to see
which coating would perform the best as a repair coating. The list below outlines the different tests that have
been performed on the coated panels:




Physical property evaluation.
Cross section microscopy.
Environmental exposure with EIS measurements in salt spray, acidic chloride and corrosive soil.
These is the focus of this paper.
Salt Spray Testing with EIS Measurements

The panels were exposed to salt spray (fog) exposure testing6 and were evaluated at different time intervals.
EIS measurements indicate changes in impedance plots between the samples before and after salt fog
exposure. By comparing the coating integrity (% Protection) of the submitted samples over the test time interval,
we will be able to judge which coating is performing the best. The samples have been exposed to 900 hours of
salt fog exposure. After this time an EIS evaluation of the coatings integrity was performed. The results of this
evaluation are shown in Table 6 on the next page.
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Table 6
EIS Results from Salt Spray (Fog) Exposure

Sample
Repair
Coating A
Repair
Coating B

Duration of
Exposure

Final
Percent
Protection

900 Hours

98

1

900 Hours

98

1

Ranking

These results show that both coating systems perform well in the salt fog environment.
Acidic Chloride Exposure with EIS Measurements
Another method to determine a coating’s durability is to expose the coating to an acidic chloride solution and
perform EIS analysis at pre-determined intervals. The coated samples were exposed to 1500 hours of acidic
chloride exposure and have not shown a significant degradation as shown in Table 7 below and in Figures 7
and 8. This small degree of change indicates that the coatings have a strong resistance to acidic chloride
exposure.
Table 7
EIS Results from Acidic Chloride Exposure
Sample
Repair
Coating A
Repair
Coating B

Duration of
Exposure

Final
Percent
Protection

Ranking

1500 Hours

97

1

1500 Hours

98

1

Corrosive Soil Exposure with EIS Measurements
Another method of evaluating the coating integrity of these samples is to use the soil that the coating may
contact while in service. In order to set up this experiment, soil samples were obtained from on-site
investigations. After these soils were analyzed in our laboratory, highly corrosive soils were selected to expose
the coated panels to, at periodic times during the exposure the samples were evaluated with EIS techniques.
Table 8 below shows that the Repair Coating B system is performing slightly better than the Repair Coating A
system in the corrosive soil environment, however a degree of change is not significant enough to determine
that the Repair Coating B is better than the Repair Coating A.
Table 8
EIS Results from Corrosive Soil Exposure

Sample

Duration of
Exposure

Final
Percent
Protection

Ranking

Repair
Coating A
Repair
Coating B

900 Hours

96

2

900 Hours

99

1
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Case Study 3 – Repair Coatings for Electrical T&D Towers in a Warm, Sunny Environment
At the request of the client, laboratory analysis, characterization, and testing of three electrical T&D tower repair
coating systems was undertaken in an effort to assist the client in selecting the best repair coating for their
application. The climate in the region is considered to have relatively mild and wet winters with hot and sunny
summers. A description of the three coating systems are provided in the following Table 9.
Table 9
Coating Systems Tested
Supplier

Primer

Supplier A

-

Supplier B

Low viscosity, non-pigmented,
two component epoxy
penetrating sealer.

Supplier C

-

Top Coat
Self-priming, aluminumpigmented, low-stress, highsolids epoxy mastic
High build, aluminumpigmented, surface-tolerant
epoxy mastic.
Oil-alkyd/zinc dust, anodic
self-priming paint

Coated panel samples were provided by the coating suppliers, and the analysis included the following.



Pre- and post-cyclic salt spray tensile adhesion testing to determine the bond strength of the coating
to the substrate metal.
Cyclic salt spray testing8 (500 hours) with electrochemical impedance spectroscopy (EIS), and scribe
creep testing.7 That is the focus of this paper.
Cyclic Salt Spray Testing and EIS

In the dilute electrolyte cyclic salt spray (fog) test employed10, test cycles of 1-hour dry-off and 1-hour of fog are
utilized. The electrolyte is a solution of 0.05% sodium chloride and 0.35% ammonium sulfate, and is more dilute
than the traditional salt spray test. The fog portion of this test is conducted at room temperature, the dry-off
portion, however, is performed at 35°C. Also the spray atomizing air is not saturated with water for this test.
Initial electrochemical impedance spectroscopic (EIS) measurements were made one each of the three supplier
samples in the as-received condition. Additionally, one of each of the three sample types was scribed for
subsequent evaluation of scribe creep after exposure testing.7 EIS was completed using an electrolyte solution
of a 3.5% sodium chloride (NaCl) solution. A potentiostat was used to record impedance spectra.
The six tests samples, three pre-exposure EIS measured and three scribed were then subjected to the cyclic
salt spray test for a total duration of 500 hours. Test samples were then removed from the exposure for final
EIS measurement. The superimposed pre- and post-exposure EIS Bode plots are for each supplier’s sample
area are given in Figures 9 through 11. The comparative EIS analyses are provided in the following Table 10
on the next page, including “maximum” impedance magnitude I at 0.1 Hz, polarization resistance, and percent
ideal after exposure.
Whereas the Supplier A and B samples had initially high maximum impedance magnitudes of greater than a
giga-ohm, the maximum impedance magnitude of the Supplier C product was three orders of magnitude lower,
implying substantially poorer barrier properties. Post-exposure, the Supplier A and B samples maintained their
barrier properties better as well, having a very high percentage of ideal as compared to pre-exposure.
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Table 10
EIS Results from Cyclic Salt Spray Exposure

Sample

Exposure
time

Impedance Magnitude at
0.1Hz (I, G-ohm)

Polarization Resistance
(Rp, G-ohm)

Percent
Ideal

2.45
1.60
8.79
2.66
0.00116
0.0000413

2.45
1.60
8.79
2.66
0.00114
0.00000683

98.0%
96.3%
82.2%

0 hours
500 hours
0 hours
Supplier B
500 hours
0 hours
Supplier C
500 hours
Supplier A

The scribed samples were subjected to scribe creep testing.7 The following Table 11 presents the results of the
testing, with the mean creepage from scribe and rating number given. The scribe creep properties of the Supplier
A and B samples may be considered to be excellent, while those of the Supplier C sample may be considered
to be poor.
Table 11
Post-Exposure Scribe Creep Measurements
Mean Creepage from Rating
Scribe (mm)
Number
Supplier A
0
10
Supplier B
0
10
Supplier C
1.6 to 3.2
6
Sample

Conclusions and Recommendations
The primary distinguishing feature between the coatings was obtained during cyclic salt spray testing with preand post-exposure electrochemical impedance spectroscopic measurements and post-exposure scribe creep
measurements. Both the Supplier A and B coating systems displayed little change in their excellent barrier
properties after exposure, with little change in their EIS spectra and virtually no scribe creep. On the other hand,
the Supplier C coating system did not display good initial barrier properties in the EIS spectrum (low maximum
impedance magnitude), and saw a higher percentage deviation from ideal after exposure. Also, the scribe creep
properties of the exposed Supplier C coating system was poor. The good performance of the Supplier A and B
coating systems in all respects make these coating systems equally good choices with regard to repair coating
of the client’s T&D towers.

CONCLUSIONS
Paint coatings have an outstanding history in protecting T&D steel structures from corrosion in atmospheric
and soil/water table environments. Experience has shown that a proper surface treatment program prior to
painting is an effective means of preventing corrosion of galvanized and non-galvanized steel in corrosive
environments. Further research should focus on specific aspects of the corrosion of paints and coatings in
various environments and possible non-chromate pretreatments effective in establishing a protective film.
Electrochemical impedance spectroscopy (EIS), in conjunction with environmental tests, will provide a sound
scientific basis for this comparison and corrosion protection performance that are not readily obtainable with
traditional accelerated corrosion tests.
A coatings’ corrosion performance can be evaluated from its EIS data. Coatings exhibiting 107 – 1010 Farads
capacitance and above 85% protection in 2000 hours salt spray provide long term protection in chloridecontaining environments. Based on these criteria, an epoxy primer with aliphatic polyurethane top coat on
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galvanized or non-galvanized steel provides long term protection in corrosive environments.
EIS data can also provide a minimum thickness for a coating to act as an effective barrier. The capacitance
magnitude may be used to determine what type of corrosion process is occurring at the coating - substrate
interface.
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Rsol

Ccoating

Figure 1: Electrical equivalent of an excellent coating. Rsol is the resistance of the electrolyte used,
is not a property of the coating, and is negligible in the context of most coatings (1ppm or less).
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Change of impedance curves due to increasing capacitance
12
11
10
9

Log10(|Z|)

8
7
6
5
4
3
2
-4

-2

0
2
log10(Frequency, hz)

4

Figure 2: Changes to a modeled coating undergoing hydration and resulting shift in the impedance
spectrum.
Rpore
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Ccoating

Figure 3: Randles Cell Equivalent circuit model of a non-ideal coating.
Impedance Changes Due to Decreasing Pore Resistance
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Figure 4: The pore resistance which is in parallel with a coating’s capacitance forms an upper limit
for the coating’s impedance, as shown here in a simulation. It steadily decreases during aging.
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Figure 5. Manufacturer 3-B coating, consisting of Epoxy / Aliphatic Polyurethane, showed the least
degradation with 2000 hours of salt spray exposure.
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Figure 6: EIS behavior over time, expressed as percentage of initial protection, for sample #2
(Manufacturer 1 – B coating system) in acidic chloride solution.
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Figure 7: EIS percent protection comparison of the Repair Coating A Sample in acidic chloride
solution.

Figure 8: EIS percent protection comparison of the Repair Coating B Sample in acidic chloride
solution.
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Figure 9: EIS spectra of Supplier A sample area #1; pre-exposure (blue plot) and post-exposure (red
plot).

Figure 10: EIS spectra of Supplier B sample area #1; pre-exposure (blue plot) and post-exposure (red
plot).

Figure 11: EIS spectra of Supplier C sample area #1; pre-exposure (blue plot) and post-exposure (red
plot).
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