
In 1990, the federal highway authority gave the 
I-35W Mississippi River Bridge a rating of "struc-
turally defi cient," citing signifi cant corrosion in its 
bearings. The need for better screening and detec-
tion of corrosion in our infrastructure was height-
ened by the collapse of this bridge in Minneapolis 
in 2007. Predicting corrosion events or coating 
failures and pitfalls can be done using non-invasive 
electrochemical techniques such as electrochemi-
cal impedance spectroscopy (EIS). In this article, 
EIS is used to monitor the performance of direct-to-
metal (DTM) coatings on steel over a period of time. 
The authors also attempt to correlate EIS spectral 
responses to well known accelerated techniques 
such as ASTM B117 salt spray and Prohesion 
G85A5.

INTRODUCTION

Signifi cant effort and money is expended each 
year in fi ghting corrosion. The costs associated with 
combating corrosion in a variety of fi elds from oil 
and gas pipelines to infrastructure to transportation 
(land, air, sea, and space) have forced scientists to 
innovate faster and more accurate techniques to 
study corrosion processes. In this regard, much has 
been done in researching alternative accelerated 
corrosion methods aside from the traditional salt 
spray and cyclic corrosion tests which can allow 
scientists to predict and identify corrosion long 
before it leads to catastrophic events. The ability 
to probe coatings in service using electrochemi-
cal techniques represents a divergence from the 
norm. Protective coatings are designed to withstand 
corrosion and provide some safety guarantee that 
the coating will provide adequate protection for a 
period of time. While it is true that the time to failure 
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is often arrived at by trial and error, 
it stands to reason that the ability to 
accurately screen and predict which 
coatings will perform well and which 
coatings will fail during service is of 
paramount importance. Several elec-
trochemical techniques are employed 
today to interrogate coatings and 
identify potential defects or pitfalls. 

In this article, the authors attempt 
to interrogate the electrochemical 
impedance of various direct-to-metal 
(DTM) waterborne coatings and use 
impedance changes as a determinant 
of which coatings will provide the 
best protection in a highly corrosive 
environment. The electrochemical 
impedance allows one to accelerate 
the corrosion process and amplify 
the impact of corrosion, and provides 
a sensitive measurement for corrosion occurring 
underneath a coating.1 Electrochemical impedance 
rapidly provides information on the physical and 
electrochemical behavior of the coating in ques-
tion. While EIS relies on the permeability of the 
coating to an electrolyte necessary to initiate the 
corrosion processes, it can also provide informa-
tion on the adhesion characteristics of the coating. 
Good wet adhesion is paramount to good corrosion 
protection. Changes in a coating will be apparent 
in EIS long before any visible changes such as 
blistering can be observed.2 Several features in the 
electrochemical response can be used to provide 
information on the deterioration or lack thereof of 
the coating. For instance, changes in the overall 
impedance can be driven by changes in the pore 
resistance. For example, the pore resistance in 
a coating will vary from one corrosion inhibitor to 
another depending on their ability to inhibit the cor-
rosion processes. Changes in the coating capaci-
tance indicate that the coating is absorbing water 
and is therefore more likely to corrode as the water 
migrates to the metal substrate. By measuring the 
electrical behavior of the coating sandwiched be-
tween the substrate and the solution, we can track 
the corrosion process on a micro scale. Increasing 
the exposure time of the coating to the solution 
allows water to penetrate through the pore network, 
leading to an increase in corrosion. A high imped-
ance measurement, coupled with good adhesion, is 
desirable for any anticorrosive coating. 

The objectives of this research were fourfold:
• Determine if EIS can predict early coating 

failure, i.e., can we use EIS to predict coating 
performance in a corrosive environment?

• Determine if there is a correlation between 
the EIS response and salt spray and Prohe-
sion cabinet results

Figure 2—Equivalent 
circuit diagram for a 
damaged coating.

Figure 1—Schematic of pore network and pathway for a coating applied to a 
metal substrate.
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• Determine if the coating deterioration or 
failure mode via EIS mimics the cabinet 
test results

• Determine if, by using EIS, we can shorten 
the screening time of multiple DTM coat-
ings designed for anticorrosion purposes.

The resistance to the transport of water and 
oxygen through the coatings pores is referred to as 
the pore resistance.2 This pore resistance can be 
magnifi ed or attenuated by the anodic and cathodic 
activity of corrosion inhibitors present in the fi lm. We 
can correlate changes in the coating to the changes 
in the impedance (Z). As shown in Figure 1, the 
coating sandwiched between the metal substrate 
and the electrolyte can be represented by an electri-
cal circuit. Equivalent circuit modeling (see Figure 2) 
is used to determine the various electrochemical 
elements of the coating such as coating capaci-
tance (Cc), pore resistance (Rpo), solution resistance 
(Rs), coating double layer capacitance (Cdl), and 
charge transfer resistance (Rct). 

This article highlights research aimed at iden-
tifying which coatings will provide good corrosion 
resistance by screening more rapidly with EIS. EIS 
will be able to save time to screen these coatings 
using accelerated corrosion test cabinets. Our 
desire is to be able to quickly predict the good 
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and bad coatings among various waterborne DTM 
coatings applied to untreated low carbon steel 
and exposed to salt solutions. EIS responses were 
compared to salt spray and Prohesion results after 
a period of time. A summary of the DTM coatings 
evaluated is provided in Table 1. For the sake of 
simplicity, only room temperature air-dried coatings 
were considered in this study. EIS was conducted at 
room temperature although the infl uence on tem-
perature (thermal cycling) on impedance and pore 
resistance cannot be ignored. No corrosion 
inhibitors were included in any of the coatings 
studied. A common fl ash rust inhibitor was included 
in all the systems to overcome the fl ash rusting 
issue. No attempts were made to optimize the DTM 
formulations provided by various resin suppliers. 
In other words, the authors tested the DTM paint 
formulations without making further adjustments to 
the supplied formulations. 

The actual DTM formulations are not included 
here. Following coating application, all paints 
were air dried under normal laboratory conditions 
(20–25ºC, 45–55% RH) for one week. After air dry-
ing, all panels were subjected to the EIS electrolyte 
solution at the same time for the same period. As 
the authors were interested in being able to predict 
the corrosion processes faster using EIS, salt 
spray and Prohesion tests were also employed and 
panels compared periodically. The problem with 
cabinet tests, of course, is that they require a long 
time. Formulators are well aware that no laboratory 
test method can accelerate or completely mimic 

the deleterious effects of atmospheric exposure. 
However, EIS can observe the deterioration of the 
coating long before visual defects appear.

EXPERIMENTAL

Paint Formulations and Test Substrates
All DTM paint formulations were made according 

to their manufacturer’s guideline formulations. In this 
study, 11 formulations (labeled A through K) of acry-
lic, styrene, or vinyl acrylic polymers were included. 
No corrosion inhibitors were included in the formula-
tions tested. A fl ash rust inhibitor, 0.5% of total for-
mula weight of a 10% aqueous NaNO2 solution, was 
used in all cases to ensure the panels did not fl ash 
rust and skew the results. Several physical properties 
such as pH, KU viscosity, ICI viscosity, weight, and 
volume solids as well as VOC were noted.

 ACT (ACT Test Panel Technologies, Hillsdale, 
MI) dull matte fi nish cold rolled steel, untreated 
1008 panels were the primary substrate for this 
research. Panels were wiped with MEK prior to the 
coating application using draw down bars. Panels 
were visually inspected for fl ash rusting after one 
hour. Due to the differences in viscosity in the 
formulations, a range of applicator bars was used 
to ensure that the fi nal dry fi lm thicknesses all fell 
between 2.5–3.0 mils (62.5–75 microns).

All coatings were air dried for seven days before 
beginning the EIS measurements. All coatings were 
tested in duplication. All EIS panels were unscribed.

Table 1—Waterborne Direct-to-Metal Coating Matrix

  Description   KU ICI Weight Volume VOC
System (DTM) Type pH Visc. Visc. Solids Solids (g/L) 

A Coating A Acrylic Gloss DTM 9.22 59.4 0.3 46.3 34.8 222

 B Coating B High Solids Styrene Acrylic 7.46 63.1 0.9 56.5 43.1 158

 C Coating C Acrylic Dispersion 9.26 93.0 0.7 41.1 28.0 356

 D Coating D Acrylic DTM 8.79 68.6 0.6 47.2 36.7 118

 E Coating E Vinyl Acrylic DTM 7.83 64.3 0.8 42.5 27.7 123

 F Coating F High Gloss Acrylic 8.87 67.9 0.8 44.7 33.7 212

 G Coating G High Gloss DTM 9.46 57.6 1.4 40.6 28.9 258

 H Coating H Acrylic DTM Enamel 8.12 79.3 1.4 43.9 41.9 30

 I Coating I Acrylic Latex 8.43 51.5 0.5 45.6 37.4 240

 J Coating J High Gloss Acrylic DTM 9.38 80.4 0.3 46.3 34.9 103

 K Coating K High Performance 9.25 88.9 1.4 51.0 38.5 200
   Acrylic Gloss
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Electrochemical 
Impedance 
Spectroscopy  

A Gamry 
PC3 with ECM8-
channel multi-
plexer, running the 
Gamry Framework 
version 4.30 was 
used. A cylindri-
cal cell fi lled with 
the electrolyte 
with an exposed 

surface area of about 14 cm2 was employed. A three 
electrode—including the substrate— electrochemi-
cal cell assembly was used as shown in Figure 3. 
The electrolytes chosen were 5% NaCl and 0.05% 
NaCl/0.35% NH4SO4 to mimic the cabinet solutions. 
EIS curves were obtained after one hour (initial), 24 
hr, 48 hr, and 168 hr. Prior to obtaining EIS curves, 
the open-circuit potentials (Eoc) were measured after 
making contact with coated samples exposed to the 
electrolyte. The EIS experiments were then run after 
samples had reached a steady state signaled by a 
stable open circuit potential (Eoc).3  

Cabinet Accelerated Corrosion Tests
In addition to EIS testing, ASTM B117 salt spray 

cabinets (5% NaCl, 35ºC, 100% RH) were used on 
a different set of scribed test panels. ASTM G85A5 
Prohesion experiments were also run to correlate the 
response from EIS. In Prohesion, the samples are sub-
jected to a 0.05% NaCl and 0.35% NH4SO4 electrolyte. 
Whereas salt spray is a static test, Prohesion is cyclic, 

Figure 4—Initial Bode 
plots for all DTM coatings.

incorporating a one-hour salt mist at ambient tempera-
ture and a one-hour drying stage at 35ºC.

RESULTS AND DISCUSSION

Electrochemical Impedance Performance
Eleven DTM coatings were evaluated using EIS. 

Bode plots were obtained after the initial setup 
(one hour), 24, 48, 72, and 168 hr later. All 11 
coatings were compared on a single Bode plot. The 
impedance at low frequency (0.1 Hz) was used as 
the key performance indicator for each coating. A 
high impedance value was indicative of a superior 
performing coating with good barrier properties. 
The impedance was also monitored as a function of 
exposure time. Impedance responses were tracked 
for the best performing coatings and compared to 
accelerated cabinet corrosion results. Overall, the 
best performing systems in EIS were also the best 
performing coatings in salt spray and Prohesion. For 
interpretation purposes, a rough impedance qualifi -
cation scale was used to rank the best coatings. 
The resistive properties can be ranked as follows: 
> 108 Ω.cm (excellent); 107–108 Ω.cm (good); 
106–107 Ω.cm (fair); and below 106 Ω.cm (poor).4

EIS results indicate that three of the 11 coat-
ings (F, I, and G) showed very good resistance after 
one-hour immersion. This data indicates that the 
coatings are highly resistant to electrolyte and ionic 
penetration, particularly in the case of direct-to-
metal enamels where such properties are desir-
able.5 Figure 4 shows the initial Bode plots for all 11 
systems. The low frequency (0.1 Hz) impedance was 
used to rank the 11 coatings. After 24 hr, Systems 

 

Figure 3—Electrochemical imped-
ance spectroscopy setup.
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Figure 5—Bode plots 
for all DTM coatings 
after 24 hr.

Figure 6—Bode 
plots for all DTM 
coatings after 
168 hr.

Figure 7—Neutral salt spray data after 504 hr. Figure 8—Prohesion data after 504 hr.
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I, F, and G showed the best performance once again. 
These coatings registered impedances between 100 
MΩ and 1 GΩ. See Figure 5.

Figure 6 shows Bode plots for all 11 systems 
after 168 hr of immersion. Once again, the low fre-
quency impedance was used to determine the best 
coatings. System F showed the best performance 
after one week. This was the only coating whose 
impedance was still well above 108 Ω.cm. The rest 
of the coatings were below 106 Ω.cm.

Cabinet Accelerated Corrosion Results
Figure 7 shows accelerated corrosion results fol-

lowing 504 hr of neutral salt spray exposure (ASTM 
B117). Systems F, A, K, and I showed the best per-
formance after the three weeks of exposure corre-
lating well to the EIS response after 168 hr. Coating 
F was by far the best performing coating in terms of 
corrosion undercutting and blister resistance.

Figure 8 shows accelerated corrosion results 
following 504 hr of Prohesion exposure (ASTM 
G85A5). Coating F showed the best overall perfor-
mance after the three weeks of Prohesion exposure 
correlating well to the EIS response after 168 hr 
and salt spray response after 504 hr.

The authors attempted to overlay cabinet ac-
celerated corrosion results to the EIS responses 
after 24 hr as a means to predict the best and 
worst performing coatings in a quick manner. It is 
evident that the coatings that showed the highest 
corrosion resistance in salt fog and Prohesion also 
demonstrated high impedance in EIS. The imped-

ance rankings shown in the EIS curves after 168 hr 
matched up well with the cabinet results, support-
ing the assertion that EIS can be used to predict 
corrosion behavior in these types of coatings.

Correlation of Cabinet vs. EIS Response
The authors attempted to correlate cabinet 

results to EIS results. Although correlation appears 
to exist between the results of electrochemical 
impedance and cabinet test methods, one can only 
conclude that one system is more degraded than 
the other by ranking these coatings relative to one 
another. The correlation is determined by compar-
ing the spread of rust along the scribe for scribed 
panels. The scribed area is deliberately scored 
(mechanical damage) to induce anodic corrosion 
and study the adhesion properties of the coating. 
Cabinet tests do not provide quantitative data 
about the coating compared to EIS. The data can 
only be used for a limited range of applications. 
Therefore, different applications require different 
test methods.6 Figure 9 shows the correlation over-
lay of EIS responses and salt spray results after 24 
hr of exposure. One can conclude from these data 
that the best system in EIS also shows the least 
amount of corrosion spread from the cabinet test. 
The worst coating in the cabinet test was quickly 
confi rmed by EIS. The degradation mechanism of 
these DTM coatings can be better understood by 
employing several other conventional tests use-
ful for the quantifi cation of the physicochemical 
properties of the coatings (for example, tensile 

 

Figure 9—Overlay 
of EIS response and 
salt spray results 
after 24 hr.
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strength, elongation, hardness, and resistance 
against impact, abrasion, temperature, and chemi-
cals). These tests have proven to be paramount 
in determining which coatings are suitable for a 
specifi c environment, based on reliable quantitative 
data.6

CONCLUSIONS

EIS is a useful and versatile electrochemical 
technique for studying DTM coatings over steel sub-
strates. The EIS response tracked well with actual 
cabinet corrosion tests. In this article, we consid-
ered coated samples over cold rolled steel and 
how we can predict and rank which paints would 
perform well in accelerated corrosion cabinets such 
as salt spray and Prohesion chambers. We used 
the low frequency impedance (Z) response as an in-
dicator of the coating’s anticorrosion performance 
and showed agreement between coatings with high 
impedance after one week and those with good 
corrosion resistance after three weeks in the corro-
sion cabinets. The best overall coating performance 
was realized within the fi rst 24–48 hours of EIS 
screening. The worst performing coating was also 
identifi ed within the same timeframe. In conclu-
sion, EIS not only acts as a detector of a coating’s 
quality, but it can also be used as a predictor of the 
coating’s long-term performance. Finally, as many 
authors have confi rmed, the relatively short period 
of testing with EIS provides reliable data for long-
term coating behavior.7-14
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