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Degradation of an alkyd polymer coating

characterized by AC impedance
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Alternating current (AC) impedance was used to evaluate the degradation of a high solids
alkyd primer paint coating in a 3% NaCl solution, a 100% relative humidity (RH)
environment after immersion in a 3% NaCl solution, and a 95% RH environment after
immersion in a 3% NaCl solution. The results indicate AC impedance measures the amount
of water absorbed into the coating through resistance results. A significant increase in
capacitance may indicate a build up of corrosion products which causes blistering or
debonding at the coating/metal interface, which may also be determined by diffusion tail
analysis. C© 2000 Kluwer Academic Publishers

1. Introduction
Electrochemical impedance spectroscopy (EIS) has
been extensively used to study paint coating systems
[1–14]. In contrast to EIS, alternating current (AC)
impedance is a dry method. In, EIS an alternating po-
tential is applied to an immersed specimen and the cur-
rent response is measured. AC impedance, used in this
study, applies an alternating potential across a specimen
in ambient air after previous immersion or atmospheric
exposure and measures the current response. The re-
sulting impedance, which is the ratio of the applied po-
tential to the current response, possesses components of
resistance, capacitance, and sometimes mass transport
(Warburg impedance).

AC impedance does not require immersion and is
therefore suitable for the in situ testing of paints and
coatings in the atmosphere or in other actual service
environments. Direct measurement in situ of coating
degradation makes AC impedance a potentially power-
ful technique, because a coating could be replaced be-
fore extensive surface damage of the underlying metal
occurs. AC impedance may elucidate the coating degra-
dation processes making degradation prediction easier.
The work here explores the coating degradation pro-
cess by use of resistance, capacitance, and diffusion
tail analysis obtained from AC impedance.

2. Background
Bacon et al. [15] investigated the degradation of
polymer coatings by measuring their DC resistance.
Wormwell and Brasher [16] followed by Brasher and
Kingsbury [17], introduced the single frequency ca-
pacitance method to evaluate water uptake of poly-
mer coated metals previously immersed in sea water.
The results of these two capacitance studies were com-
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pared to the classical weight gain gravimetric method
to evaluate coating degradation but discrepancies ex-
isted. Touhasent and Leidheiser [18] correlated the
long-term performance of a coated metal with its ini-
tial increase in capacitance. These studies gave the first
indications that electrical methods provided an abun-
dance of information about polymer coating degrada-
tion. A series of papers in 1976 described the elec-
trical response of polymer coatings as a function of
frequency [19–21]. Impedance analysis by use of the
Nyquist complex plane and Bode plots were used to
analyze the data. More recent work involving EIS by
Mansfeld and Kendig related water uptake to the ca-
pacitance of polymer coatings [22].

Earlier work by Weiet al. [23] showed the effects
of different chloride concentrations on the same high
solids alkyd primer coating used in this study. Tap
water, low in chloride, took much longer to degrade the
coatings than the 3% NaCl solution. In this previous
study, 3 days of exposure to tap water gave a resistance
of 1 Mohm while exposure to 3% NaCl solution gave a
resistance of 0.5 Mohm for the same time. The differ-
ence became more pronounced as the exposure time in-
creased. A correlation apparently exists between chlo-
ride concentration and the rate of coating degradation.
As opposed to EIS, AC impedance does not possess
solution resistance because it is a dry method, but it
does possess the analogous contact resistance. Except
for the conceptual difference between contact and solu-
tion resistance AC impedance and EIS model the same
in terms of equivalent circuits.

The most fundamental circuit for a mass/charge
transfer system is the Randles equivalent circuit
(Fig. 1). The Randles Circuit, in terms of this inves-
tigation, describes the response of a single-step charge
transfer process with diffusion of reactants, products,
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Figure 1 Randles circuit for a polymer coated metal system possessing
charge and mass transfer processes.

or both, to or from the coating metal interface and diffu-
sion within the coating itself. The Warburg impedance
W is given by [24]:

W = σω−1/2(1− j ) tanh

{
δ

(
jω

D

)1/2}
(1)

whereσ is the Warburg coefficient, analogous to the
mass transfer coefficient, andδ is the Nernst diffu-
sion layer thickness, which is also the thickness of the

Z( jw) = Rc+ Rpo+ (Rp+W)+ jωC Rpo(Rp+W)

1− ω2CCcRpo(Rp+W)+ jω[(C + Cc)(Rp+W)+ RpoCc]
(6)

hypothetical stagnant diffusion layer.D is the diffusion
coefficient of the electroactive species,w is the angular
frequency, andj 2=−1. Calculating the magnitude of
the impedance for the Randles circuit in terms of the
basic circuit elements gives:

Z( jω) = Rc+ R+W

1+ jωC(R+W)
(2)

whereR is the resistance coating metal system,C is the
capacitance of the coating metal system which includes
the capacitance of the coating and the coating/metal in-
terface,W is the Warburg impedance, andRc is the
contact resistance between the electrode and the coat-
ing. Separating Equation 2 into its real and imaginary
components gives:

Zreal= (R+W)+ Rc+ ω2C2(R+W)2Rc

1+ ω2C2(R+W)2
(3)

Zimag= −ωC(R+W)2

1+ ω2C2(R+W)2
(4)

As the frequency decreases the Warburg impedance
dominates because of theω−1/2 term in Equation 1.

More complex equivalent circuits exist (Fig. 2) which
take into consideration the different kinds of capaci-
tance’s and resistance’s which are present in a coating
undergoing degradation [25, 26].Cc is the coating’s
capacitance, which depends on its dielectric constantε

and its thicknessL.

Cc = εεoA

L
(5)

Mansfeld and Kendig namedRpo the pore resistance
or more generally the coating resistance, attributing it

Figure 2 An equivalent circuit taking into consideration the corrosion
at the metal/coating interface and for the charge transport through the
coating, in addition to the mass transport through the coating.

to the formation of ionically conducting pathways in
the coating [22, 25, 26].Rp is the charge transfer resis-
tance created at the metal/coating interface andC is the
corresponding capacitance at that interface.Rc is the
contact resistance analogous to the solution resistance
discussed previously. Solving the equivalent circuit for
the complex impedance gives:

For the present study, the more basic Randles cir-
cuit was used to constrain the system to three pa-
rameters, namely capacitance, resistance and Warburg
impedance. This is becauseτmax= RpC (at the inter-
face) for this study is possibly superimposed on the
diffusion tail and onlyτmax= RcCc (in the coating) is
well defined. Therefore, due to this lack of differentia-
tion modeling is not sensitive to each separate capaci-
tance and resistance and as a result large errors would
occur.

3. Experimental
Sample panels 305 mm× 100 mm obtained from Ad-
vanced Coating Technologies Inc., Hillsdale, Michigan
were sheared into 645 mm2 (1.0 in2) coupons. The high
solids alkyd primer coating, 30µm thick, had a low
resistance to degradation by constant immersion com-
pared to other related primer coatings [23]. Significant
degradation resulted after constant immersion of less
than one week in 3% NaCl solution. The coupons were
degreased by light shaking in a sealed container with
a mild detergent (Manostat Aquet, New York, New
York) for one minute, rinsed in de-ionized water and
air dried. 14 prepared coupons were placed in a cov-
ered 3% NaCl solution and 2 coupons were removed
every 24 hours for 7 days. Each coupon was patted dry,
clamped between two copper electrodes and connected
to the impedance analyzer.

Copper multi-strand wire was soldered to 10 mm×
10 mm× 50 µm thick copper foil pads. These elec-
trodes were clamped on both sides of a one-side coated
metal sample. The clamp was hand tightened until the
electrodes made firm contact with the polymer coat-
ing without damaging it. A minimum tightness of the
clamp was needed to ensure reproducible results. Fig. 3
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Figure 3 Apparatus used for impedance measurements.

shows the clamping apparatus used in conjunction with
the copper electrode leads. PVC electrical tape was
wrapped around the clamp faces contacting the cop-
per electrodes. This prevented the existence of paral-
lel currents due to PVC’s high resistance. The elec-
trodes in Fig. 3 were connected to a Schlumberger
Model SI 1260 Impedance Analyzer with Z60 software
(Schlumberger Instruments, Billerica, Massachusetts)
and analyzed from 0.1 Hz to 1 MHz with an alternating
potential of 60 mV.

Two other experiments tested coating degradation
after immersion in a 3% NaCl solution. After 4 days
of constant immersion, 10 coupons were placed in a
3× 10−3 m3 volume cylindrical closed chamber with
a relative humidity of 100%, achieved by adding de-
ionized water at the bottom of the chamber. The ambi-
ent temperature varied from 20◦C to 28◦C. 2 coupons
were removed every 24 hours for 4 days and analyzed
by AC impedance by the same method as the constant
immersion samples.

The third experiment was conducted by using a
humidity cabinet made by ESPEC, Grand Rapids,
Michigan, model LHU-112. A fan circulated air
through the cabinet at 95± 1% relative humidity and at
a temperature of 20± 1◦C. After 4 days of constant im-
mersion 10 coupons were placed in the humidity cabi-
net. 2 coupons were removed every 4 hours for 24 hours
and analyzed by AC impedance by the same method as
the constant immersion samples. The resistanceR was
found by choosing two points from the high frequency
end of the Nyquist complex plane plot. The computer,
using those two points, created a data set composed of
all the data points between the two points and drew a
semicircle by an arc fit method. The highest point on
the semicircle derived from the Nyquist complex plane
plot gave fmax used to calculate the capacitance.

4. Results
4.1. Resistance of the coating
Figs 4–6 show Nyquist complex plane plots for the
degradation of the alkyd primer coating after constant
immersion in 3% NaCl solution at successively longer
times. Measurements could not be obtained before two
days of constant immersion because the coating re-
sistance exceeded the measurement capability of the
impedance analyzer (30 MÄ). Up till two days of con-
stant immersion water apparently had not been ab-
sorbed into the coating. After two days of constant im-
mersion no diffusion tail is present indicating a lack
of diffusion of the electroactive species, in this case
the chloride ion. After three days of constant immer-

Figure 4 Nyquist complex plane plot for the alkyd coating exposed to
constant immersion in 3% NaCl solution for 2 and 3 days.

Figure 5 Nyquist complex plane plot for the alkyd coating exposed to
constant immersion in 3% NaCl solution for 4 and 5 days.

Figure 6 Nyquist complex plane plot for the alkyd coating exposed to
constant immersion in 3% NaCl solution for 6 and 7 days.

sion the diffusion tail is present. Diffusion tails are also
present in Figs 7 and 8 for the coatings exposed to
3% NaCl solution for 4 days of constant immersion
and then the samples were taken out and placed in a
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Figure 7 Nyquist complex plane plot for the alkyd coating exposed to
constant immersion for 4 days then exposed to a 100% RH free convec-
tion environment for 1 day.

Figure 8 Nyquist complex plane plot for the alkyd coating exposed to
constant immersion for 4 days then exposed to a 100% RH free convec-
tion environment for 2 and 3 days.

humidity chamber at 100% relative humidity. Analysis
of the diffusion tails will be discussed later.

Fig. 9 shows the logarithm of the coating resistance
versus exposure time. The error bars represent 95%
confidence intervals. All three experiments are repre-
sented in the figure: constant immersion in 3% NaCl,
4 days of constant immersion in 3% NaCl followed by
100% relative humidity free convection environment,
and 4 days of constant immersion in 3% NaCl followed
by 95% relative humidity forced convection environ-
ment. The logarithmic decrease in coating resistance is
typical for the incorporation of water into a polymer
coating [28]. The coating’s resistance for constant im-
mersion decreased 0.59 log decades/day whereas the
100% RH coating decreased 0.37 log decades/day. The
difference is attributable to the 100% RH environment
being less severe than constant immersion. After place-
ment of the coating into the 100% RH environment no
additional chloride ions become incorporated into the
film, thus the driving force for degradation is less. How-

Figure 9 Log(Resistance) versus exposure time in days for the alkyd
coating exposed to constant immersion, constant immersion then 100%
RH, and constant immersion then 95% RH.

ever, degradation continues to occur due to the chloride
already present in the film from the constant immersion.
At 4 days exposure, all the data points should have the
same resistance. The constant immersion coating has a
lower resistance at 4 days of exposure due to use of a
different alkyd coated panel. This maybe the same rea-
son for the rather large variability in the 100% RH data.

The coating placed in the 95% RH environment
dried-out due to lack of moisture saturation in the cham-
ber. Its resistance increased 2.55 log decades/day. Vi-
sually, the surface of these coatings were dry in marked
contrast to the constant immersion and 100% RH coat-
ings. Quite possibly no further coating degradation can
take place without the presence of water and a saturated
or wet environment. This may mean that chloride can
only be “activated” and contribute to coating degrada-
tion when ample water is available, which is typical for
a corrosion process.

4.2. Capacitance of the coating
The values for the coating capacitance were computed
by using:

C = 1

(2π fmaxR)
(6)

which assumes the system can be modeled using a RC
circuit with a relaxation timeτmax= RC. Fig. 10 shows
the coating capacitance versus exposure time in days
for all three experiments. The error bars represent 95%
confidence intervals. The constant immersion coating
shows a large increase in capacitance due to water incor-
poration into the coating; and according to Feliuet al.
[26] “the capacitance only increases substantially when
corrosion products accumulate.” Corrosion products
may include ferric and ferrous hydroxides (FeOOH,
Fe(OH)2) and ferric and ferrous chlorides (FeCl3,
FeCl3 · 6H2O, FeCl2, FeCl2 · 2H2O, FeCl2 · 4H2O).
Accumulation would probably be at the metal/coating
interface due to the reaction of chloride with iron. This
increase in capacitance is not seen until the fourth day
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Figure 10 Capacitance versus exposure time in days for the alkyd coat-
ing exposed to constant immersion, constant immersion then 100% RH,
and constant immersion then 95% RH.

of exposure. At day 6 the capacitance dramatically
increased to a value of 12.1± 5.1 nF at which point
macroscopic debonding or blistering occurred and the
diffusion tail had a slope of one (discussed in the next
section) for the constant immersion sample. The er-
rors in the measurement of capacitance increased as the
constant immersion coatings became more degraded
(higher capacitance). The alkyd coatings maybe non-
homogenous owing to this variation.

The coatings exposed to 100% RH exhibited a differ-
ent capacitance response than the constant immersion
samples. The capacitance of the 100% RH coatings
increased only slightly. The 100% RH environment pre-
vented moisture loss and retained the aggressive chlo-
ride ions within the coating but did not further incor-
porate any additional chloride ions. Therefore, further
water incorporation occurred (from resistance data) but
no significant buildup of corrosion products occurred
leading to a rapid increase in capacitance. The 95% RH
coating did not exhibit an increase in capacitance when
it dried out. This might be unexpected since water has
a high dielectric constant at 25◦C (εr= 78.54) [29] but
the relaxation time for the charge transfer of chloride
possibly increased as the resistance of the film increased
due to the lack of water facilitating the charge transport
across the polymer coating.

4.3. Diffusion tail analysis
The Nyquist complex plane plots for the constant im-
mersion and 100% RH coatings show Warburg behavior
but interestingly the slope of the diffusion tail changes
as the coating degrades [26]. Fig. 11 shows the slope
of the straight-line diffusion tail (Warburg impedance)
versus exposure time. Each diffusion tail slope was de-
termined by a computer generated linear regression line
from two chosen points from the beginning of the dif-
fusion tail from the low frequency data. As exposure
time increased, the slope of the diffusion tail increased
until it reached a maximum of one for the constant im-
mersion coating.

For the case of a one-dimensional diffusion con-
trolled reaction Equation 1 is valid and the slope of

Figure 11 The slope of the apparent diffusion tail (Warburg Impedance)
versus exposure time to a constant immersion and constant immersion
followed by 100% RH.

the diffusion tail in the Nyquist complex plane plot is
one. However, from Fig. 11 this case only occurred
with the coatings exposed to constant immersion at day
6. The explanation for Fig. 11 lies in the concept of a
diffusion controlled reaction given by Equation 1 and
the rate of charge transport across the coating given by
the relaxation timeτmax= RcCc, whereRc is the coat-
ing resistance andCc is the coating capacitance; and
the rate of reaction at the metal/coating interface given
by: τmax= RpC, whereRp is the charge transfer resis-
tance and C is the capacitance due to the reaction at
the coating/metal interface produced from the corro-
sion products. When the coating is completely dry its
resistance is nearly infinite and no diffusion can take
place (2 days constant immersion). However, once dif-
fusion can take place two relaxation times maybe ev-
ident, one for the coating and one for the reaction at
the metal/coating interface. In the present case where
two relaxation processes exist, one at the metal/coating
interfaceτmax= RpC and one for the charge transport
through the coatingτmax= RcCc, two semicircles might
be seen in the Nyquist complex plane plot if the time
constants are well separated. However, if diffusion ef-
fects are evident then the semicircle which has the
longer relaxation will have a diffusion tail superim-
posed over it. This leads to an apparent diffusion tail
which curves toward the real axis. This behavior is ev-
ident in Fig. 5 for the constant immersion coatings.

No attempt is made in this study to separate the
two resistances and capacitances which exist in the
metal/coating system because the three processes: re-
action at the metal/coating interface, charge transport
through the coating and diffusion of chloride through
the coating are not well separated in terms of their time
constants. At 7 days of exposure for the constant im-
mersion coating, no obvious semicircle exists and the
diffusion tail is the only distinguishing feature of the
Nyquist complex plane plot. However, after debonding
occurs at day 6 a semicircle is apparent. This semicircle
is probably due to the charge transport through the coat-
ing, which has the shorter relaxation time compared to
the reaction at the metal/coating interface. The reason
for this is that when the coating debonds the reaction

1363



rate at that interface is orders of magnitude larger than
with a tightly bounded coating. This is mostly due to
the tightly constrained corrosion products preventing
further corrosion of the metal, effectively acting as a
barrier layer. With the presence of debonding or blis-
tering, the process is diffusion limited and the slope
of the diffusion tail is one with no bending. Therefore,
two indications exist for determining the point at which
macroscopic debonding occurs. First, the capacitance
increases dramatically and second the diffusion tail has
a slope of one with no bending. The 100% RH coating,
in contrast, does not show an increase in capacitance
due to the tightly bound coating slowing the rate of re-
action at the metal/coating interface thus protecting the
metal substrate.

5. Conclusions
Constant immersion showed a logarithmic decrease
in coating resistance providing evidence for coating
degradation due to water incorporation. The substantial
increase in capacitance was attributed to the buildup
of corrosion products after which point macroscopic
debonding occurred. A substantial increase in capaci-
tance maybe due to the significant buildup of corrosion
products at the coating/metal interface due to the re-
action of chloride with iron. The rate of reaction at
the coating/metal interface was slow due to the well-
bonded coating but the rate of this reaction increased
when debonding occurred. This was due to the cor-
rosion products becoming solvated and diffusing away
from the surface, which resulted in diffusion tails with a
slope of one due to a diffusion limited transport process.

Resistance continued to decrease during exposure to
100% RH after prior constant immersion. Water and
chloride ions retained in the coating from constant
immersion continued to attack the coating. However,
degradation was less severe due to the dilution of the
chloride originally present. Capacitance could not sub-
stantially increase because corrosion products could not
accumulate. In 95% RH with forced convection, mois-
ture evaporated from the coating increasing the resis-
tance but the lack of water apparently had no effect on
the observed capacitance.
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