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Using Electrochemical Impedance Spectroscopy as a Tool for 
Organic Coating Solute Saturation Monitoring 

B. N. Popov,* Mohammed A. Alwohaibi, ~ and R. E. White* 
Department of Chemical Engineering, University of South Carolina, Columbia, South Carolina 29208 

ABSTRACT 

Electrochemical impedance spectroscopy (EIS) has been used to study the solute uptake for epoxy/phenolic (E/p) and 
epoxy/amine (E/a) thick-coated mild steel samples immersed for 160 days in 3.5 weight percent NaC1 solution exposed to 
air. Samples with thicknesses of approximately 200 ~m with an exposed surface area of 22.6 cm = were used to follow solute 
saturation of the organic coating. Good agreement was obtained between the calculated and measured coating capacitance 
when, according to the diffusion equation, the coating capacitance was plotted against exposure time. 

Electrochemical impedance spectroscopy (EIS) has been 
used successfully to follow the degradation and to predict 
the life of organic coatings used to protect industrial struc- 
tures. ~-5 Coatings at initial exposure time behave as dielec- 
tric material and show pure capacitor behavior. ~ It has been 
found that  coating resistance decreases with time due to 
the gradual penetration of conductive electrolyte through 
the coating structure. 6~ In addition, coating capacitance 
was found to be influenced by the amount of water up- 
take. 64~ The coating capacitance vs. time curves in the early 
stages of exposure, prior to corrosion, have been utilized by 
many investigators to estimate the amount of water uptake 
in the coating. ~347 In typical impedance investigations, the 
corrosion behavior of coatings with 20-50 ~m thicknesses 
was studied, s4~' 24-26 The objective of this investigation was 
to estimate the barrier properties of E/p and E/a thick de- 
posits of approximately 200 ~m in 3.5 weight percent (w/o) 
NaC1 solution, which has been exposed to air for about 160 
days. 

Experimental 
In order to measure coating characteristics using EIS, a 

special electrochemical cell made of a clear nonconductive 
plastic material shown in Fig. 1 was made. The exposed 
working electrode area was 22.6 cm ~ of mild steel coated 
with E/p and E/a coatings. The coated mild steel samples 
were obtained from the Dow Chemical Company. The ex- 
periments were run under free corrosion conditions in a 
stagnate 3.5 % NaC1 solution open to air. A platinum gauze 
served as the counterelectrodd and a scanning electron mi- 
croscopy (SCE) served as the reference electrode. EIS data 
were obtained using a PAR Model 273 potentiostat/gal-  
vanostat and a PAR Model 5301 A (a two-phase lock-in 
amplifier) interconnected by a National Instrument IEEE- 
488 General Purpose Interface Bus (GPIB) to an IBM PS/2. 
Data were stored and analyzed using PAR M378 software 
on an IBM PS/2. The frequency range of i mHz to 100 kHz 
was applied with an ac voltage signal varying by _+10 mV. 

Results and Discussion 
Figures 2 and 3 show representative Bode and phase shift 

plots, respectively, for coatings with thicknesses on the or- 
der of 200 ~m exposed to the test solution for about 160 
days. The data were fitted using two circuit-analog models 
shown in Fig. 4. The circuit analog mode] in Fig. 4a was 
used to fit the data obtained before saturation (it will be 
shown later that the saturation time takes between 25 and 
30 days) of the epoxy coating with the solution. In Fig. 4b 
the phenomena occurring at the substrate/eoating inter- 
face were taken into account and were used to analyze the 
data after the coatings were saturated with the electrolyte. 
The EIS data were fitted using Macdonald's complex non- 
l inear least squares algorithm, CNLS} ~ 

Values of the initial coating capacitance Co are shown in 
Table I for several coatings. Using the initial coating capac- 
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itance values and the thickness of the coatings, the dielec- 
tric constant for each coating was calculated by using the 
following equation 

d 
e = eO ~ Co [1] 

where d is the coating thickness in cm, e is the dielectric 
constant of the coating, A is the area of the test sample 
exposed to the electrolytic solution in cm 2, e ~ is the free 
space dielectric constant with a value of 8.85 x i0 -~4 F/cm, 
and Co is the initial coating capacitance in Fmeasured after 
I h of exposure. The average value of the initial dielectric 
constant is equal to 4, as shown in Table II. This value is 
typical for a dry coating, 6-~,2426 indicating that initially a 
relatively low amount of electrolyte is adsorbed. 

Fitted values of the coating pore resistance Rpo a s a func- 
tion of exposure time in 3.5 w/o NaC1 solution are shown in 
Fig. 5. The pore resistance of the samples has initially a 
high value in the order of I0 ~~ ~, which gradually decreases 
as the solution penetrates through and saturates the or- 
ganic coating, indicating an increasing ionic conductivity 
of the coating. If the external portion of the epoxy coating 
has defects in the form of fissures and capillaries, one can 
expect a rapid decrease of pore resistance during the first 
few days corresponding to entry of solution into the capil- 
laries. This phenomena was not observed in Fig. 5. Instead, 
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Fig. 1. Schematic of the test cell. 
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Fig. 2. Bode-magnitude plot for 0.0195 cm thick epoxy/phenolic- 
coated steel in 3.5 w/o NaCI solution for a period of five months. 
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Fig. 3. Bode-phase plot for 0.0195 cm ~bick epoxy-coated steel in 
3.5 w/o NaCI solution over period of five months. 
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for  all coa t ings  a l m o s t  a l i n e a r  decrease  occurs  w h i c h  can  
be  a t t r i b u t e d  to d i f fus ion of so lu t ion  in to  the  epoxy  coat -  
ing. Af te r  a b o u t  30 days  of exposure ,  the  E / p  a n d  E / a  s am-  
ples  w i th  a t h i ckness  of 0.0195 cm a n d  0.0201 cm, respec-  
tively, show a s u d d e n  drop  of the  pore  r e s i s t ance  i n d i c a t i n g  
t h a t  the  s a t u r a t i o n  of the  coa t ing  w i t h  the  e lec t ro ly te  ha s  
occurred.  The  t ime  r equ i r ed  for  d i f fus ion of t he  e lec t ro ly te  
t h r o u g h  the  coa t ing  to the  coa ted  m e t a l  i n t e r f ace  is p r opo r -  
t i ona l  to the  s q u a r e  of the  t h i cknes s  of the  coat ing,  s Conse-  
quent ly ,  as observed in Fig. 5, the E/p with a thickness of 
0.0223 cm has greater pore resistance values, and the ob- 
served changes in pore resistance are less explicit than 
those observed for the other two coatings which have 

Table I. Values of dielectric constants of coatings 
calculated from coating capacitahce at initial exposure 

in 3.5 w/o  NaCI solution. 

Sample Thickness C,, 
(type) (~m) (F) e 

1. E/p~ 194.8 4.098 X 10-" 4.054 
2. E/a 201.4 4.130 X I0 -~(' 4.222 
3. E/p 223.0 3.422 X 10 -'~ 3.871 

Epoxy/phenolic 
Epoxy/amine. 
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I1 
% 
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Fig. 4. Circuit analog modules used to fit EIS data, (a) circuit used 
to fit EIS data at initial exposure and (b) circuit used to fit EIS data 
after coating saturation. 

smal l e r  th icknesses .  Also, as seen in Fig. 5, the  E /p  coa t ing  
w i t h  a t h i cknes s  of 0.0223 cm has  a g rea t e r  s a t u r a t i o n  t ime  
p l a t e a u  i n d i c a t i n g  b e t t e r  s t ab i l i t y  a n d  p ro tec t ive  p roper -  
ties. The  resu l t s  in  Fig. 5 also i nd i ca t e  t h a t  Rpo decreases  
over  t ime  at  d i f fe rent  ra tes  d e p e n d i n g  on  the  chemica l  com-  
pos i t i on  of the  coat ing.  The R~o of the  E / a  coa t ing  decreases  
f a s t e r  as a f u n c t i o n  of t ime  w h e n  c o m p a r e d  w i t h  t he  ob-  
s e rved  Rpo dec rease  of E /p  coat ing,  i n d i c a t i n g  t h a t  E / p  h a s  
b e t t e r  p ro t ec t ive  p roper t i e s .  

F igures  6-8 show the  d e p e n d e n c e  of t he  coa t ing  capac i -  
t ance  on time for intact samples with various coating 
thicknesses. The coating capacitance increases monotoni- 
cally indicating that the water uptake is diffusion con- 
trolled. In general, the coating capacitance increases for a 
value of 4.0 • 10 -1~ F. Mass uptake was calculated using 
the following equation 

M, = psXv [2] 

w h e r e  p~ is the  3.5 w/o NaC1 so lu t ion  dens i ty  of 1.2176 g/  
cm 3 a t  25 ~ ~9 a n d  Xv is the  vo lume  f r ac t i on  ava i l ab l e  w i t h i n  
the  coa t ing  de f ined  as fol lows T M  

x v  - log (CJCo) 
log (80) [3] 

whe re  C~ is the  coa t ing  capac i t ance  as a f u n c t i o n  of t ime  
a n d  Co is the  in i t i a l  coa t ing  c a p a c i t a n c e  o b t a i n e d  f rom EIS 

Table II. Coating capacitance at saturation time, dielectric 
constant and ratio of saturation coating capacitance 

to initial coating capacitance. 

Sample Saturation C~ 
type time (Days) (F) e~ C.JC,, 

1. E/p 26 4.630 X 10 -L'~ 4.578 1.130 
2. E/a 25 4.560 x 10 -''* 4.661 1.104 
3. E/p 30 3.904 x 10 tn 4.419 1.140 
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Fig. 5. Pore resistance of epoxy coated samples as a function of 
exposure time in 3.5 w/o NaCI solution. 

data at initial exposure. In this analysis it is assumed that 
Na ~ and C1- diffuse at the same rate as water and oxygen. 
Using the coating capacitance values at saturation time 
(according to Fig. 6-8) and thickness of the coating, the 
dielectric constant when the coating is saturated with the 
solute was calculated and is presented in Table II. Equation 
I was used with the coating capacitance at saturation time 
to calculate the coating dielectric constant at saturat ion 
time e~. The ratio of coating capacitance measured a~ time 
t and the initially measured capacitance of the coating 
gives an indication of the extent of the adsorption. Thus, 
high ratio means that the coating adsorbs more solute. As 
seen in Table II only a small increase of the dielectric con- 
stant calculated at saturation time is observed, indicating 
that the coating is a good barrier with a small porosity. 
Accordingly, only a small fraction of the solute has been 
adsorbed. 

In Fig. 9, the water uptake is correlated to the ratio of the 
experimentally measured coating capacitance and the ini- 
tial (dry sample) coating capacitance according to Eq. 2. As 
is seen in Table II, the highest ratio CJCo of 1.140 has been 
observed for the sample with a thickness of 230.0 ~m. A 
small increase of the coating capacitance after saturation 
time is observed. Initially, the measured coating capaci- 

O 4 . 7  

4 .6  

4.5 

4.4 

I I J 

E / a  (exp.) - ~  
E/a (r 
Th Cknless = 0.02{]1 cm 
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4.1 i i i 
0.0 40 .0  80 .0  120.0  160.0  

T ime  (Days) 

Fig. 6. Experimental and calculated coating capacitance as a func- 
tion of exposure time in 3.5 w/o NaCI solution for epoxy/phenolic- 
coated steel. 
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Fig. 7. Experimental and calculated coatir~g capacitance as a func- 
tion of exposure time in 3.5 w/o  NaCI solution for epoxy/amine- 
coated steel. 

~ 4 , 0  

3_9  

3 . 8  

3 . 7  

3 . 6  

3 . 5  

J 
I~lp (k:*r162 . . . . . . . . .  --J 

3.4 i ~ i 
0.0 40.0 80.0 120.0 160.0 

Txme (Days) 

Fig. 8. Experimental and calculated coating capacitance as a func- 
tion of exposure time in 3.5 w/o  NaCI solution for epoxy/phenolic- 
coated steel. 

tance ratio equals 1 with zero water uptake. When the ac- 
tual measured values of C| were plotted (as in the en- 
larged portion in Fig. 9] as a function of water uptake, a 
linear dependence is observed, as expected according to 
Eq. 2. This is due to the small increase of the measured 
capacitance as exposure time increases. This behavior is 
expected, since only a small fraction of the curve in Fig. 9 
is presented in the enlarged portion. Accordingly, small 
changes in coating capacitance are linearly related to the 
water uptake and hence to the concentration of the elec- 
trolyte in the pores of the coating. This has been experi- 
mentally shown to be valid for the epoxy/polyamide coat- 
trigs. 2~ This behavior suggests that the coating capacitance 
may be treated as a variable whose values may be deter- 
mined by the diffusion equation 2~ 

aCe D 02C~ -~---- ~ ~ [4] 

The initial and boundary conditions are at 

t=O x>-O:C~=Co [5] 
For 

t>-O x=O:Co=C= [6] 
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Fig. 9. Mass fraction vs. ratio of coating capacitance to initial 
coating capacitance. 

t > - O  x = d : C ~ = C |  [7] 

and for 

To use Eq. 4 it is assumed that: (i) the solute volume 
fraction is evenly distributed along the diffusion path and 
that no empty spaces are available within the structure of 
the organic coating. (it)  Solute diffusion is one-dimen- 
sional and one directional. (iii) The diffusion coefficient is 
constant and is not a function of the amount of water ad- 
sorbed. (iv)  The coating does not swell during the experi- 
ment and accordingly the coating thickness is constant. 
The analytical solution of Eq. 4 with the initial conditions 
given in Eq. 5, 6 and 7 is as follows 20 

c~C~ -_ Coco- 1 - 8/r 2 ~=0~ exp {-D~(2n(2n + +1) 21)2(~r/d)2t} [8] 

The first four terms of the analytical solution (Eq. 8) were 
used to estimate the effective diffusion coefficient by using 
a SAS program (NLIN). 23 A nonlinear least squares fit of 
the normalized coating capacitance (i.e., left side of Eq. 8) 
was used for all capacitance values until the saturation 
time for the coating was reached (around 30 days for most 
of the samples). Equation 8 was then utilized to generate 
the theoretical coating capacitance values of the coating, 
by using the same coating thickness as the thickness of the 
samples in Fig. 6-8. The theoretical coating capacitance 
values as a function of time are shown in Fig. 6-8, and the 
results are compared with the obtained experimental re- 
sults. The theoretical coating capacitance increases with 
time in an expected exponential fashion. The observed in- 
crease of the coating capacitance is due to the water uptake 
by the coating. As shown in Fig. 6-8, the rate of change of 
the coating capacitance is high at the beginning but then 
slows as saturation occurs. Note that the measured coating 
capacitance is a combination of the organic coating capac- 
itance and the adsorbed water capacitance. Taking into 
account that the dielectric constant of water is about 20 
times that of the coating, one would expect a significant 
change of the coating capacitance during adsorption. The 
saturation time varies from 25 days for a sample with 
thickness of 201.4 ~m up to 30 days for a sample with 
thickness of 223 ~m as shown in Fig. 5. An interesting phe- 
nomena is observed in Fig. 6-8. The experimentally deter- 
mined coating capacitance values continued to increase 
slowly even after saturation has occurred. This phenomena 
may be due to different water uptake rates or is due to the 
disbondment of the organic coating which depends on: (i) 
the rate of oxygen reduction and OH- generation at the 
coating/metal interface and (it) physicochemical processes 
which occur at the interface in the presence of the elec- 
trolyte. In the presence of the electrolyte at the interface, 

Table IlL Estimated effective diffusion, solubility, and 
penetration coefficients. 

Sample Data h-om D~s S P 
(type) Figure (cm2/s) (%) (g/cm/s) 

1. E/p 6 4.92 • 10 -~1 2.260 1.14 • 10 -12 
2. E/a 7 6.31 • 10 -1' 2.770 1.79 • 10 -12 
3. E/p 8 5.57 • 10 -11 3.007 1.68 x 10 -12 

Table IV. Transport properties in organic coatings. 

Diffusion 
Species of coefficient 
interest (cm2/s) Ref. 

O2 10 -1~ to 10 -8 
C1 0,47 • 10 -1~ 
Na § 0,31 • 10 -1~ 

Brandrup and Immergut (Ref. 27) 
Glass and Smith (Ref. 28) 
Glass and Smith (Ref. 28) 

the reactions that occur are the oxidation of iron and re- 
duction of oxygen and accordingly, one can expect the main 
contribution to coating disbondment to be due to OH- gen- 
eration. The coating capacitance measured at saturation 
time was used to calculate the solubility, S, of the elec- 
trolyte in the organic coating using Eq. 3.6-11 A penetration 
coefficient was calculated using the equation 

P = De~Sp~ [9] 

where p~ is the density of the 3.5 w/o NaC1 solution at room 
temperature, S is the solubility coefficient of the chloride 
solution in the organic coating, and P is the penetration 
coefficient of the chloride solution. 

The estimated diffusion coefficient, the solubility coeffi- 
cient as well as the penetration coefficient are presented in 
Table III. As one can see from Table III, almost the same 
diffusion coefficients were obtained for both E/p and E/a 
coatings. The transport properties data in epoxy polyamide 
coatings compiled from various references are given in 
Table IV. Water diffusivity depends upon the coating chem- 
ical composition and thickness and varies between 10 -~ to 
1010 cm2/s.29 Denton et  al. 2~ have demonstrated for poly- 
amide films that adsorbed moisture uptake is well approx- 
imated by a one-dimensional Fickian diffusion model, with 
a room temperature D = 5 • 10 -9 cm2/s. One can expect that 
migration may modify these times, since the electroactive 
species must accumulate to maintain electroneutrality. It 
has been pointed out by Leidheiser et  aI. 30 that  the perme- 
ation rates for water and oxygen are in excess of that re- 
quired to sustain cathodic reduction of oxygen at the coat- 
ing/substrate interface and accordingly are not rate 
determining. The major ionic charge transport carrier in 
the coating is the sodium ion, which is rate controlling in 
the corrosion process? ~ According to Table III, similar val- 
ues for solubility of the electrolyte in the coating and the 
solute penetration coefficient were obtained for the same 
thickness of E/p and E/a coatings. 

Conclusions 
A small increase in the dielectric constant at saturation 

time is observed, indicating that studied coatings are with 
a small porosity and are good barriers. As a consequence, 
the observed changes in coating capacitance are linearly 
related to the water uptake. The observations allow the 
coating capacitance to be a monitored variable in the diffu- 
sion equation. The theoretical coating capacitance values 
were obtained by assigning the same coating thickness as 
those of the tested samples. A good agreement has been 
obtained betv~een the calculated and measured coating ca- 
pacitance, when according to the diffusion equation, the 
coating capacitance was plotted against exposure time. 
However, after the saturation of the coating has been 
reached, the experimentally determined capacitance con- 
tinues to increase slowly. The observed phenomena results 
from the disbondment of the coating as a consequence of 
the oxygen reduction and OH generation at the coating/ 
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metal interface. Almost the same diffusion coefficients 
were observed for E/p and E/a coatings. The pore resis- 
tance of the samples has initially a high value of 10 I~ ~ and 
decreases linearly with time. This phenomena was at- 
tributed to diffusion to the solute into the epoxy coating. 
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LIST OF SYMBOLS 
A total  cell area, cm ~ 
Cc coating capacitance, F 
Co initial  coating capacitance, F 
C= saturat ion coating capacitance, F 
d coating thickness, cm 
De~ effective diffusion coefficient, cm2/s 
Mf mass fraction, g/cm ~ 
P penetrat ion coefficient, g/cm/s 
Rpo pore resistance, 

solubil i ty coefficient, % 
Xv volume fraction 

Greek 
e coating dielectric constant 
e~ saturated coating dielectric constant 
e ~ free space dielectric constant = 8.85 • 10 -14, F/cm 
e~,ter dielectric constant of water  
p, density of solution, g/cm 3 
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ABSTRACT 

Sput ter-deposi ted  AI-W alloys exhibit  considerably enhanced resistance to pi t t ing corrosion over a range of pHs 
extending from pH 0 to 9.6. Surface analysis showed that  although very l i t t le oxidized W is found in the passive film at 
near-neutra l  pHs, at pH 3 there are comparable amounts of oxidized W and A1. A review of the different mechanisms 
proposed to explain the passivity of this class of alloys suggests that  the pi t t ing resistance of A1-W is l ikely to result from 
inhibit ion and repassivation of pits  due to the s tabi l i ty  of oxidized W in low-pH environments as described by the 
solute-rich interphase model (SRIM). 

Aluminum and its conventional alloys are susceptible to 
localized attack in chloride containing environments. Al- 
though the corrosion resistance of steels can be dramati- 
cally improved by the incorporation of chromium, molyb- 
denum, and other elements to make stainless steels, there 
are no equivalent conventional stainless aluminum alloys. 

* Electrochemical Society Active Member. 

The failure to produce such alloys is largely due to the very 
low solubili ty of passivating species in aluminum; above a 
small fraction of an atomic percent, these species form pre- 
cipitates and the microgalvanic couples established be- 
tween the two phases lead to enhanced corrosion. 

In the last several years, supersaturated aluminum alloys 
with Mo, Cr, Ta, W, Zr, Nb, Zn, V, Cu, Ti, and Si have been 
produced by several groups using rapid  solidification or 
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