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Composite coatings of copper incorporating Al,O; nanoparticles electrodeposited
on carbon steel were obtained and characterized. By using electrochemical methods such
as open circuit potential (ocp) measurements, polarization curves and electrochemical
impedance spectroscopy, the corrosion behavior of the Al,O;-copper nanocomposite
coatings was examined.

The corrosion parameters determined from the polarization curves recorded in
Na,SO, solution (pH 3) indicate that the corrosion process on copper-Al,O; composite
surface is slower than on pure copper.

The impedance spectra recorded at the ocp showed in all cases an increase of the
polarization resistance in time, which may be explained by the development of corrosion
products on the electrode surface. Using a (2RC) equivalent electrical circuit, the process
parameters were estimated by non-linear regression calculations with a Simplex method.
The Al,O; particles embedded in the electroplated copper, increase the polarization resis-

tance and decrease the corrosion rates as compared with electrodeposited pure copper.
The electrochemical results were corroborated with those obtained by SEM and

EDX investigations.
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Introduction

Metal matrix composites are attractive materi-
als due to their properties such as increased hard-
ness and wear resistance, low coefficients of ther-
mal expansion, dry lubrication properties and better
corrosion resistance as compared with pure metallic
coatings.!

There is a large number of useful metal/parti-
cles combinations, including metals like copper,’-
nickel,* ¢ silver,”? zinc!*!'! and inert materials such
as oxides,'>!3 carbides,'*!> graphite,'® polytetra-
fluoroethylene (PTFE),'” etc. which are success-
fully used in many practical applications such as
advanced surface finishing, electronic industry etc.

The methods generally used to obtain compo-
site metallic coatings are (i) thermal methods (spray,
internal oxidation); (ii) sol-gel method (hydrolysis
of metallic alcoxides followed by polycondensa-
tion); (iii) dip coating or (iv) electrolytic code-
position, in direct or pulsed current.

*Corresponding author: limur@chem.ubbcluj.ro;
Tel. + 40-264-595872; Fax: + 40-264-590818

The preparation of composite metallic layers
by electrochemical methods is intensely studied, the
tendency being to replace the micro-particles (used
in the ‘90s) with nanoparticles, conferring im-
proved properties to metallic coatings. The different
electrodeposition techniques allow the obtaining of
various types of nanostructured materials, ranging
from single metal to alloy nanocomposites and
from monolayers to multilayered deposits, through
galvanostatic or potentiostatic methods.

Electrolytic codeposition presents some advan-
tages over other methods:'® (i) the possibility of rig-
orous control of the deposited layer thickness; (ii)
the control of deposition speed; (iii) work at room
temperature, and (iv) the wuse of accessible
equipments. By using the electrical current, the
electrodeposition is suitable for obtaining non-uni-
form films on substrates with complex shapes (e.g.
deposition only on some surfaces of the substrate,
deposition on porous profiles etc.). At the same
time, the composite deposits obtained by electro-
lytic methods present improved corrosion resistance
as compared to the usual metallic layers, better me-
chanical and tribological properties.
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Copper composites are key electrical conduc-
tive materials used in switches for high voltage
power supply appliances and in many microelec-
tronic applications.!® With the development of por-
table electronic devices, copper is increasingly
more exposed to corrosive conditions, and different
solutions have been proposed for increasing its cor-
rosion resistance. Thus, it was already reported that
small quantities of alumina particles embedded in
the copper coatings strongly improve the yield
strength and hardness of deposits, their creep and
arc erosion resistance at elevated temperatures, as
well as their corrosion resistance without affecting
the electrical and thermal conductivities.?*2* This is
why alumina-reinforced copper matrix composite
has been considered one of the best candidates for a
variety of applications, including its use as hard and
wear-resistant coatings for electrical contacts.?*+?’

It should also be mentioned that, for fundamen-
tal studies, copper and Al,O; can be used as a
model system for the mechanistic study of particle
deposition with a metallic matrix.?8

Nevertheless, there are still insufficient pub-
lished data available on the influence of incorporated
particles on the quality of composites, i.e. on their
mechanical, electrical and corrosion properties,
while part of the reported data are still controversial.

In this context, the aim of this work is to pro-
vide more information about the -electrolytic
codeposition of alumina nano-powders with copper
on a steel substrate, in order to prove the influence
of the particles' nature on the corrosion behavior of
the composite coatings. The corrosion behavior of
the two different types of Al,O,-copper nanocom-
posite coatings was examined using electrochemi-
cal investigation methods such as open circuit po-
tential measurements, polarization measurements,
and electrochemical impedance spectroscopy. The
electrochemical results were corroborated with
those obtained by SEM and EDX investigations.

Experimental conditions

Materials

The tested Al,O; powders commercially avail-
able were purchased from Aldrich (544833-50G,
d < 100 nm) and Escil (A3, d = 0.3 um). CuSO,
(Prolabo, Paris, France), and H,SO, (Merck, Darm-
stadt, Germany) were used in the plating bath. All
other reagents were of analytical grade and were
used without further purification.

Methods

Potentiodynamic polarization measurements
were conducted using an electrochemical analyzer

(PARSTAT 2273, USA) connected to a PC for po-
tential control and data acquisition.

The electrochemical experiments were per-
formed in a three-clectrode cell with a separate
compartment for the reference electrode connected
with the main compartment via a Luggin capillary.
The working electrode was a steel (OL 37) disc, the
reference electrode was an Ag/AgCIl/KCI, electrode
and the counter electrode was a platinum foil.

Cu and Cu—AlL O, films were galvanostatically
co-deposited on steel substrate (S = 0.78 cm?) from
solutions containing 120 g L-' CuSO, and 120 g L!
H,SO, without or with the addition of 20 g L
Al,O,, at a current density of 25 mA cm™, during
20 minutes, under magnetic stirring (200 rpm).
Prior to use, the working electrode surface was me-
chanically polished using grit paper of 1200 and
alumina powder (0.05 pum), cleaned by ultrasonic-
ation and rinsed thoroughly with distilled water.

Corrosion experiments were carried out in
0.2 g L! aerated Na,SO, solution (pH 3), at room
temperature. Open-circuit potential (ocp) measure-
ments were performed as a function of time. An-
odic and cathodic polarization curves were re-
corded in a potential range of £ = E_, = 200 mV
for kinetic parameters determination, with a scan
rate of 0.25 mV s~!. Impedance measurements were
performed at the open-circuit potential in the mo-
ment of immersion of the samples into the Na,SO,
solution during 48 h from this moment. The imped-
ance spectra were acquired in the frequency range
100 kHz to 10 mHz at 5 points per hertz decade
with an AC voltage amplitude of +£ 10 mV. The im-
pedance data were then analyzed with software
based on a Simplex parameter regression.

Surface analysis used a LEICA S 440 scanning
electron microscope with an attached energy
dispersive X-ray analyzer. The alumina weight per-
centage was determined by calculating the average
value of four randomly chosen points on the sample
surface. Alumina concentration was determined by
the stoechiometric ratio of oxygen to aluminum.

Results and discussion

Electrodeposition

As can be seen on the polarization curves re-
corded during electrodeposition of copper and com-
posite Cu—AlLO; coatings (Fig. 1), no significant
changes were observed in the kinetically controlled
region of the curves, while an inhibition of the cur-
rent density was noticed in the mixed-controlled
region in the presence of ALO; Aldrich nano-
particles.
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Fig. 1 — Polarization curves obtained during copper
electrodeposition in the absence (——) and in the presence
of Al,O; Escil (d = 0.3 um) (- — —) and Al,O; Aldrich
(d < 100 nm) () nanoparticles (i = 25 mA cm™, magnetic
stirring 200 rpm)

The decrease of the current density observed
at higher polarization in the presence of the Al,O,
(d < 100 nm, Aldrich) nanoparticles could be re-
lated to a reduction of the electrochemically active
area due to the inclusion of the nonconductive
Al,O; in the copper deposit. However, the decrease
of apparent surface area by entrapment of blocking
particles cannot explain the effect occurring in the
presence of Al,O; Escil. Other effects, such an en-
hancement or catalytic phenomenon due to defects
and dislocations or chemical heterogeneities gener-
ated in the metallic matrix by the embedded particles
could also be governing the copper electrodeposi-
tion rate.?’

The impedance spectra recorded during
electrodeposition at different potentials exhibit two
capacitive loops and an inductive loop (Fig. 2) and,
as expected, present similarities with the impedance
spectra previously reported for pure copper electro-
deposition.*® No significant modification of the
shape, type and number of the loops were observed
in the investigated potential region for different val-
ues of d.c. potential and in the presence of AL O;,
but variations of the apex frequency and of the
loops diameter are evident.

The reduction of Cu?*" ions adsorbed on alu-
mina was proven to be rate-determining for the
codeposition, as it produces real contact between
the particle and the cathode.' Thus, the decrease of
the charge-transfer resistance values in the presence
of AL,O; could be due to an increase of copper ions
concentration at the interface, because of their
adsorption on the nanoparticles that reach the cath-
ode.
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Fig. 2 — Nyquist diagrams obtained at different values of
d.c. potential, in the absence (3) and in the presence of Al,O;
Aldrich nanoparticles (0O) during electrodeposition. Frequen-
cies are in Hz.

Morphological and structural analysis

The morphology of the electrodeposited pure
copper and of the copper-alumina composite coat-
ings is presented in Fig. 3.

As it may be observed, the morphology
changes when particles are added to the electrolyte.
The composite deposits obtained in the presence of
oxide nanoparticles contain much smaller crystals
(b, c) than in the case of pure copper deposit (a).
This is because the nanoparticles influence the
competitive formation of metal nuclei and crystal
growth.?? The alumina nanoparticles disturb the
regular growth of copper crystals and cause new
nucleation sites to appear.

The incorporation of Al,O, nanoparticles in the
deposit was proven by EDX analysis (Fig. 4).

In spite of the fact that the alumina content in
the deposit obtained with Al,O; Escil is relatively
weak (0.41 weight % Al and 0.95 atomic % Al cor-
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Fig. 3 — SEM micrographs of Cu (a), Cu-Al,O; Escil (b)
and Cu-Al,O; Aldrich (c) coatings obtained from a 20 g L™
particle loading. Experimental conditions: electrolyte 120 g L™
CuSO, and 120 ¢ L' H,SO, deposition current density
i =25 mA cm™, deposition time 20 minutes, magnetic stirring
200 rpm.

responding to 0.77 weight % Al,O,,), its effect on
the morphology and structure of the deposit is evi-
dent. The alumina content is even smaller in the
case of ALO; Aldrich (0.15 weight % Al and
0.35 atomic % Al, corresponding to 0.28 weight
% Al,0;). However, these values are similar to
those reported in the literature.?’

|Element [App |Intensity IWeight% IWeight% |Atomic%
| ‘Conc. |Corrn. | |Sigma |

A1k 013 [0.3434 041 [0.07  [0.95
[Fex .72 12503 Jo.61 0.8  [0.69
[cuk [03.25][0.9982 [98.98 [o.11  [98.36
[ [ ]

[Totals | | [100.00

|Elemem W‘lnlensily |Weighl% |Weight% |Atomic%
| |Conc. ‘Corrn. | |Sigma |

[AIK 0.5 0.5230 [[0.15 [0.05 [0.35
sk [o20 [0.8759 Jjo.38  [o.04 [0.73
[Fek  [0.86 [1.1473 [[1445  [o.19 [16.03
[cuk  [49.65 [0.9822 [[85.02  [0.19 [82.89
[Totals [ [100.00

0
Full Scale 5428 cts Cursor: 0.000 ke

Fig. 4 — EDX spectra of composite coating Cu—Al,O; Escil
(a) and Aldrich (b) on steel

In an attempt to explain the different incorpora-
tion degree of the two types of alumina powders,
their crystalline structure was determined by X-ray
analysis. It was found that both alumina powders
are mixtures of @ and y Al,O; (results not shown),
only the ratio between the two phases was slightly
different.

In these conditions, the different particle size
of alumina powders was taken into consideration.
As already reported in the literature for Ni—Al,O,
codeposition,** increasing the particle size can re-
sult, sometimes, in an increase in the amount of in-
corporation. In our case, Escil alumina having
larger particles (0.03 pm) was embedded in higher
percent than Aldrich alumina nanopowder (<100 nm).
Nevertheless, there are many other factors influenc-
ing the inclusion of the particles in the coatings, i.e.
their surface properties (charge, hydrophilicity/hy-
drophobicity), the experimental conditions (current
density, hydrodynamic conditions) etc. that should
be considered.®

Electrochemical corrosion measurements

Open-circuit potential measurements

The open-circuit potentials (ocp) evolution in
time for OL 37/Cu and OL 37/Cu—Al,O; electrodes
recorded after their immersion in Na,SO, solution
(pH 3) is presented in Fig. 5.

For all electrodes, the ocp values gradually in-
crease in the negative direction during the first min-
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Fig. 5— Evolution of open circuit potentials for OL 37/Cu
(——), OL 37/Cu—Al,O; Escil (- — —) and OL 37/Cu—Al,0O;
Aldrich () electrodes immersed in 0.2 g L' Na,SO, (pH 3)

utes to reach a stationary state characterized by
—0.600 V vs. Ag/AgCl in the case of alumina Escil
and of —0.670 V vs. Ag/AgCl in the case of alumina
Aldrich. This evolution of the potential toward
more negative values with the increase of immer-
sion time is due to the formation of a corrosion
product layer. According to this growth, the cath-
odic reaction is hindered and consequently the cor-
rosion potential becomes more negative.3

The ocp value is almost the same for OL
37/Cu—AlL O, Aldrich and for OL 37/Cu electrodes.
Contrarily, in the case of Cu—Al,O; Escil coatings,
a shift of the ocp towards more positive potentials
is observed, suggesting a more noble character of
the Cu—Al,O; coating, associated with an inhibition
of the anodic reaction and, consequently, with
stronger corrosion resistance.

Potentiodynamic polarization measurements

The cathodic and anodic polarization curves of
OL 37/Cu and OL 37/Cu—Al,O; electrodes recorded
immediately after their immersion in Na,SO, solu-
tion (pH 3), and after 24 h are shown in Fig. 6.

In the first moments after the immersion in the
Na,SO, solution, both composite coatings had simi-
lar behavior: the corrosion potential is more posi-
tive than that of pure copper. After 24 h, only the
corrosion potential of the Cu—Al,O; Escil remains
more positive and in this case, the corrosion current
strongly decreases.

As it can be seen, the results are consistent
with the values recorded for the ocp potentials,
pointing to a stronger effect on the corrosive prop-
erties of the composite coating in the case of Al,O,
Escil than in the case of Al,O, Aldrich. This behav-
ior may be because the particles of the non-con-
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Fig. 6 — Polarization curves for OL 37/Cu (——),
OL 37/Cu—Al,0O; Escil (— — —) and OL 37/Cu—Al,0; Aldrich
(=) electrodes in 0.2 g L”! Na,SO, (pH = 3) at the immersion
moment (a) and after 24 hours (b)

ducting aluminum oxide, with high chemical resis-
tance can have a screening effect, and since they are
highly dispersed in the metallic coating, they re-
duce the area of contact between the metal matrix
and the corroding medium. This effect is more pro-
nounced in the case of Cu—-Al,O; Escil than in the
case of Cu—Al,O; Aldrich, due to the higher incor-
poration fraction of the first one. However, the ef-
fect of particle content in the composite coatings on
the deposit properties depends not only on the
amount of the particles embedded in the metal ma-
trix, but more importantly, on the size and distribu-
tion of the particles in the metal matrix.*’

According to the Stern-Geary theory,*® the cur-
rent density i near to the open-circuit potential can
be expressed by the following equation:

i= icorr {exp[ba (E_Ecorr)] - eXp[bc (E_Ecorr)]} (1)

where b, and b, are the anodic and cathodic activa-
tion coefficients, respectively.
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Table 1 — Kinetic parameters of the corrosion process obtained by regression using the Stearn-Geary equation for interpretation of the

polarization curves

Electrode Immersion time /h | E.,/V vs. Ag/AgCl I/ LA cm2 b,/ V! ~b,/ V!
0 —0.588 75.0 £ 2.40 11.5 +£0.18 2.14 + 0.18
OL 37/Cu
24 —0.488 79.4 £ 3.12 7.16 £ 0.11 39 +£0.40
0 -0.516 86.5 + 1.02 89 +0.05 4.12 + 0.08
OL 37/Cu—Al,O; Aldrich
24 —0.562 477 £ 1.24 16.2 +0.30 53 +£0.20
0 —-0.530 94.6 + 0.27 74 +0.11 40 +0.15
OL 37/Cu-Al,0; Escil
24 —0.470 4.8 £ 0.01 45 +£0.21 597 £0.1
Therefore, the values of £, and the corrosion 1000 @) ‘ T i :
current density (i) were evaluated by a non-linear ety
regression calculation at near zero overall current. =
The values of the corrosion parameters in the ab- . A12
sence and presence of Al,O; in the deposit, calcu- £ —~7_24
lated from the polarization curves are presented in a
Table 1. ;E %gb
In all cases, the correlation factor R? varies be- ! N
tween 0.9937 and 0.9995 indicating a good fitting 3!
result. The confident interval for i, was in the or- om
der of one percent whereas E_, was determined 1500 2000
with an error margin lower than 1 mV.
As can be seen from Table 1, the values of the 1500 . ; . .
Tafel coefficients in the presence of Al,O; change Corrosion (b)

in comparison with pure copper, which indicates
that the alumina particles influence the kinetics of
both the anodic and cathodic processes. The differ-
ence between the values of the kinetic parameters
corresponding to the two types of composite coat-
ings could be explained, as mentioned before, by
the different incorporation fraction, grain size and
crystalline structure of the incorporated alumina
powders, which may influence the corrosion behav-
ior of the resulting composite coating.

Electrochemical impedance spectroscopy

The impedance spectra recorded at ocp in the
absence and presence of Al,O; nanoparticles in the
copper coatings (Fig. 7) exhibit a predominant ca-
pacitive behavior with depressed loops.

As can be seen from Fig. 7, at the beginning,
the polarization resistance, R, corresponding to the
lower frequency limit of the impedance spectra, in-
creases with increasing of immersion time. The
changes of the impedance values with increasing
immersion time show that a barrier related to the
formation of corrosion products gradually forms on
the copper surface. An increase of R, could be ex-
plained by a limitation of the active area by this
layer, more important when the layer is more devel-
oped (thicker and/or more compact).’® This phe-
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Fig. 7 — EIS evolution for OL 37/Cu (a), OL 37/Cu-Al,O;
Escil (b) and OL 37/Cu—-Al,O; Aldrich (c) electrodes immersed
in 0.2 g L' Na,SO, (pH = 3) solution
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nomenon has been noticed both in the case of pure
copper and in the case of the composite coatings,
suggesting an evolution of the corrosion products
layer in time. Further work will address the chemi-
cal composition of these layers. Although not
clearly seen in Fig. 7, it was found that the im-
pedance results could be suitably simulated to prop-
erly reproduce the experimental data by using two
time constants under capacitive relaxation. There-
fore, the (2RC) electrical equivalent circuit pre-
sented in Fig. 8 was adopted to carry out the
non-linear regression calculation with a Simplex
method.*

Fig. 8 — The (2RC) equivalent electrical circuit used for
computer fitting of the experimental data

In the circuit from Fig. 8, R, represents the
electrolyte resistance; R, and C, correspond to the
charge-transfer resistance and to the double layer

capacitance at the copper/electrolyte interface, while
Ry and C; symbolize the faradic resistance and
faradic capacitance due to an oxidation — reduction
process taking place at the electrode surface, proba-
ble involving the corrosion products. The parame-
ters ny and n are coefficients representing the de-
pressed characteristic of the two capacitive loops in
the Nyquist diagrams.

The values of the impedance parameters calcu-
lated by non-linear regression of the impedance
data in the absence and presence of Al,O; in the
coatings are presented in Table 2.

After 24 h, larger values of the charge-transfer
resistance and smaller values of double layer capac-
ities were noticed in the case of both composite
coatings, suggesting the formation of a barrier of
corrosion products that hindered further evolution
of the corrosion process. This was confirmed also
by the large values of polarization resistances in the
case of these coatings.

In the case of pure copper, the values of the
charge-transfer resistance R, indicate that the layer
of corrosion products is not very compact. R,
decreases systematically, while C; increases,
proving an increase of surface roughness due to the
formation of a non-protective corrosion layer in
parallel with the facilitation of the corrosion pro-
cess.

Table 2 — Parameter values for corrosion of OL37/Cu and different OL37/Cu—Al,O; coatings, calculated by non-linear regres-
sion of the impedance data using the equivalent electrical circuit from Fig. 8

Substrate Immersion time/h | R,/ Q cm? | R/ Q cm® |Cy/uF em2| Rp/Q cm? |Cp/uF cm?| R,/ Q cm?
0 329.7 873.5 17.90 794.8 343 1668.24
6 258.4 980.8 23.56 774.6 880 1755.37
OL 37/Cu
12 185.1 524.6 870.69 210.9 2803 735.53
24 121.4 113.3 1310 704.8 660 818.11
0 603.4 150.7 33.04 526.2 67.5 676.85
12 171.4 247.6 24.82 798.4 202 1046.09
OL 37/Cu-Al,0; Aldrich 18 454 685.8 53.60 564.2 328.5 1249.95
24 393 700 37.17 494.6 436.5 1194.65
48 387 360.1 345.09 560 2050 920.09
1 451.3 687.5 7.75 294 540.5 981.61
18 405.6 1016.1 29.32 1179.7 73.60 2195.80
OL 37/Cu-AlL,O; Escil
24 396.3 1681 229 612 404.7 2293.07
48 333 1166.5 348 930 422.8 2096.52

*R, = R + Rg
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In the case of Cu-AlLO; Escil, the general
tendency of R, was to increase, suggesting the
formation of a more compact corrosion products
layer, that hinders the charge transfer at the inter-
face.

For the composite coatings, the polarization re-
sistance, R increased with the immersion time, un-
til it attained, after 18 hours, a value that remained
almost constant throughout the period covered by
the present experiments. This indicated a relative
stabilization of the corrosion products layer.

After 48 h, an apparent decrease of the
charge-transfer resistance R, in time was observed.
This variation could be due to an increase of the
electrode roughness that counterbalances the lower-
ing of the surface area of the electrode by embed-
ded particles® or to a damage of the corrosion
products layer.

As it can be seen from the comparison of the
calculated and experimental impedance spectra pre-
sented in Fig. 9, the (2RC) equivalent electrical cir-
cuit reproduces suitably the experimental data ob-
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-Z Iacm’
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Fig. 9 — Experimental and simulated impedance diagrams for
OL 37/Cu (Q) OL 37/Cu-Al,O; Escil (A) and OL 37/Cu—Al,0O;
Aldrich (0) coatings in 0.2 ¢ L' Na,SO, (pH = 3) at the im-
mersion moment (a) and after 24 hours (b). The symbol (——)
corresponds to the fitted data. Frequencies are expressed in Hz.

f 100pm

Fig. 10 — SEM  micrographs of OL 37/ Cu (a),
OL 37/Cu-Al,0; Escil (b) and OL 37/Cu-Al,O; Aldrich (c)
coatings after 24 hours of immersion in 0.2 g L' Na,SO, (pH 3)

tained both in the absence and presence of different
incorporated alumina nanoparticles.

The behavior of the composite layers was con-
firmed by the SEM micrographs taken after 24
hours of immersion (Fig. 10). As can be observed,
the most corroded is the pure copper surface, fol-
lowed by Cu—-ALO; Aldrich and Cu-Al,O; Escil
composite coatings.
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Conclusions

The analysis of the results led to the following
conclusions:

i) The wt % of incorporated alumina is similar
with that reported in the literature. In spite of the
low incorporation fraction, all the electrochemical
measurements showed that the corrosion process on
Cu-Al,O; composite surfaces was slower than on
pure copper surface.

ii) Al,O; Escil incorporates better and confers
better corrosion protection to the copper coatings
than Al,O; Aldrich. The particles dimensions could
be one of the reasons for this behavior, but probably
not the only one.

iii) All the electrochemical measurements
showed that the corrosion process on Cu-Al,O,
composite surface was slower than on pure copper
surface.

iv) Further investigations are necessary to elu-
cidate the role of the properties (charge, hydrophili-
city/hydrophobicity etc.) of Al,O; nanoparticles on
the corrosion behavior of the Cu—Al,O; composite
coatings.
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List of symbols

i — current density, A m

i, — corrosion current density, A m~

corr

E - potential, V

E,.. — corrosion potential, V

ocp - open-circuit potential, V

b, - anodic activation coefficient, V!

b, - cathodic activation coefficient, V!

R, - electrolyte resistance, Q m?

Cy4 - double layer capacitance at the copper/electrolyte

interface, F m 2

R, - charge transfer resistance, Q m?

ny - constant phase element coefficient associated
with the double layer capacitance

Cr - faradic capacitance due to an oxidation — reduc-
tion process taking place at the electrode surface,
probable involving the corrosion products, F m

Ry - faradic resistance of the corrosion products accu-
mulated at the interface, Q m?

np  — constant phase element coefficient associated
with the faradic capacitance

R, - polarization resistance, €2 m?

Z - impedance, Q m?

t — time, s
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