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Abstract This paper presents a one-period energy

method of studying the electrochemical corrosion phe-

nomena that occur on metal surfaces. The method employs

the energy state variables (time functions) to determine

whether the material is susceptible to corrosion. The main

feature of this approach is the elimination of the frequency

analysis, and thereby gives significant simplifications of the

corrosion rate measurement. Another important feature is

that the method is based on an analysis of the appropriate

loops on the energy phase plane which results in the cor-

rosion process being easily estimated through the evalua-

tion of the loop area. The physical results obtained by this

method are easily interpretable with robust properties. The

usefulness of the proposed technique was examined in

microcrystalline and nanocrystalline copper layers depos-

ited on a polycrystalline substrate by the electrocrystalli-

zation method. The quantitative results obtained from the

measurements of the one-period energy loops are used for

controlling the corrosion resistances of the micro- and

nano-copper thin-layer coatings. Several experiments per-

formed on real specimens verified the effictiveness of the

method as used for analysing the electrochemical corrosion

in many practical systems. We have shown that the cor-

rosion resistance of the nanocrystalline copper layers is

worse than that of microcrystalline copper layers even

when the layers of the two types are produced by the same

electrochemical method.
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1 Introduction

Recently, several methods have been proposed for evalu-

ating the susceptibility of various metal coatings to elec-

trochemical corrosion. The development of various

techniques for studying the mechanisms of corrosion and

corrosion protection has, on the one hand, brought quite

satisfactory results, but, on the other hand, they have

aroused a lot of critical remarks as to the interpretation of

the differences between individual physical models [1–6].

Even simple models appeared to be controversial [7, 8].

Among the various electrochemical methods suitable for

measuring the corrosion rate of metals, the harmonic cur-

rent analysis method is useful since the corrosion current

can be calculated without the use of Tafel constants at the

corrosion potential. Significant advances in the study on the

mechanisms of corrosion and corrosion protection have

been achieved since the development of impedance mea-

surements. The measurements have been expanded to the

study of mass transport and stress corrosion cracking, as

well as to a noise analysis used for studying localized

corrosion, stress corrosion cracking and blistering of

coatings [9–15]. In particular, the impedance measure-

ments permit separating the consecutive elementary steps

involved in the overall process, and increasing the

knowledge of the mechanisms and progress of corrosion, as

well as improving the measures of anti-corrosion protec-
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tion [16–23]. During recent years, many online monitoring

methods have been used and several newer techniques have

been investigated. This research line has great significance

since there is no technique that can be employed alone in

all practical situations.

Although the methods utilizing linear polarization

resistance and electrical impedance are commonly used for

online monitoring they have certain limitations. They ei-

ther require prior knowledge of Tafel constants or can only

be used where uniform corrosion takes place. The mea-

surement of the interfacial impedance values at low and

high frequencies has been suggested as an alternative. The

results obtained by this method are however complicated

and their interpretation becomes difficult if more than one

time constant is involved.

In this paper we utilize the results reported in refs. [9–

11, 14, 15] in the corrosion measurements and analyze

them in the context of the activation energy and mass

transfer effects. The ability to transfer the anodic and

cathodic charges determines the nature and magnitude of

the corrosion reaction.

2 One-period energy approach

In many electrochemical systems, the data collection pro-

cedure may interfere with the electrochemical process. To

avoid this it is recommended to use small AC signals and

not to introduce a DC potential difference across the sys-

tem, since it can induce a further electrochemical activity.

Using small periodic excitations and assuming that the

system time response is also periodic, we can evaluate the

energy absorbed during the corrosion process [2–4, 17, 24].

The steady state energyW(Dt) delivered by the source v

(t) to the corrosion system during the time interval Dt =

nT, (T is the period, n > > 0 is a positive integer) is ex-

pressed by

WðDtÞ ¼ nWT ð1Þ

where WT denotes the one-period energy delivered by the

source. Thus, in the periodic state, it is sufficient to

evaluate WT, and multiply it by n to obtain the energy

absorbed by the corrosion element during the given time

interval Dt. A schematic representation of this situation is

shown in Fig. 1. Deriving the corresponding expression for

WT, we obtain

WT ¼
RT

0

vðtÞiðtÞdt ¼
RT

0

vðtÞ d
dt

R
iðsÞds

� �
dt

¼
RqðTÞ

qð0Þ
vðtÞdqðtÞ ¼

RwðTÞ

wð0Þ
iðtÞdwðtÞ

ð2Þ

where

qðtÞ ¼
Z

iðtÞdt and wðtÞ ¼
Z

vðtÞdt ð3Þ

are the electric charge and magnetic flux delivered by the

source v(t), respectively.

It follows from (2) and (3) that the area enclosed by a

one-period loop in the energy phase plane with coordinates

(v(t), q(t)) or, equivalently, (w (t), i(t)), determines the one-

period energy WT delivered to the controlled element that

operates under periodic non-harmonic conditions [25–30].

It is worth noting that it does not matter which energy

phase plane we choose to determine WT. In some cases it is

easier to evaluate the phase variable q (t) whereas in

other—the phase variable w (t) is more suitable. Thus, for

any arbitrary corrosion specimen operating under periodic

non-sinusoidal conditions it is possible to determine directly

the one-period energy WT without the necessity of using the

power- or the Fourier series approach [24, 29, 31–33].

Another important feature of the one period energy

approach is the easy way of evaluating the surface area

enclosed by the loop in the energy phase plane. In most

applications we have preliminary knowledge of the forms

of the physical system response to a given input. This al-

lows us to choose a priori the energy phase plane most

appropriate for the calculations. Moreover, the calculation

results can be easily interpreted and have robust properties.

To illustrate the main feature of the one-period energy

approach let us consider the case of harmonic problems

using a linear corrosion model with a sinusoidal waveform

source. Fig. 2 illustrates the case with vðtÞ ¼ V
ffiffiffi
2
p

cosðxtÞ,
where V is the rms value of v(t). Let the current i(t) be the

system output of the form

iðtÞ ¼ I
ffiffiffi
2
p

cosðxt � uÞ ð4Þ

where u is the phase shift.

If i(t) is taken to be one coordinate of the energy phase

plane, then the magnetic flux

wðtÞ ¼
Z

vðtÞdt ¼ �V
ffiffiffi
2
p

x
sinðxtÞ ð5Þ

should be chosen to be the second coordinate.

Corrosion
species
under

environement
activities

i(t)

v(t)

Fig. 1 Corrosion species in the periodic energy state
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Thus the one-period energy of the network is given by

WT ¼
ZwðTÞ

wð0Þ

iðtÞdwðtÞ ð6Þ

To derive an explicit expression for the one-period

energy loop we find an appropriate relationship between

i(t) and w (t) and eliminate the time variable. Thus we

have

sinðxtÞ ¼ �xwðtÞ
V
ffiffiffi
2
p ; and cosðxtÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� ð�xwðtÞ
V
ffiffiffi
2
p Þ2

s

ð7Þ

Next, substituting (7) in (4) and simplifying the

respective terms we obtain the ellipse

iðtÞ
a

� �2

þ wðtÞ
b

� �2

¼ 1 ð8Þ

where

a ¼ I
ffiffiffi
2
p

cos u
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ sin u
p and b ¼ V

ffiffiffi
2
p

cos u

x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� sin u
p ð9Þ

define the semi-axes in the one-period energy phase plane.

Now, we would like to find the surface area S enclosed

by the ellipse (8). It is well known that S = p ab and, thus,

substituting (9) here, we obtain

S ¼ 2p
x

VI cos2 u
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� sin2 u

p ¼ TVI cos u ð10Þ

Since P ¼ VIcos u is the active power that operates in

the system, and T = 2p /x defines the period, we easily find

from (10) that S = WT.

Thus the surface area of the ellipse in the energy phase

plane (i(t), w (t)) defines the one-period energy delivered

by the harmonic source to its load which operates under

linear conditions of the corrosion processes. By way of

example, the variations of the one-period energy during the

successive stages of the corrosion process induced by a

small-amplitude sine input are shown in Fig. 3. The pro-

cess was monitored by measuring the currents i(t) every

5 min during a 30 min period.

The proposed approach can easily be applied to any

periodic waveforms including discontinuous.

The patterns shown in Fig. 3 correspond to the processes

p1 – p4 in which the corroding specimens are described by

nonlinear current-potential relationships. All the specimens

were subjected to the corrosion tests for the same time of

30 min, and the voltage period was fixed at T = 2 ms. The

results indicate that the specimens subjected to process p3

have the best corrosion resistance and those subjected to

process p2 have the worst. This is due to the fact that the

energy absorbed by a given sample during the test is ex-

pressed as a multiple of the surface area of the corre-

sponding one-period energy loop. The loops such as that

shown in Fig. 3 can provide new information which could

not be obtained previously when using traditional tech-

niques such as the measurement of the open circuit po-

tential or polarization resistance, recording the polarization

curves, and/or electrochemical impedance spectroscopy

[1–5]. It is evident that by applying the above tools we can

predict accurately all the factors that are responsible for

corrosion.
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Fig. 2 Illustration of one-period energy loops
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3 Applications

The use of the one-period energy approach for evaluating

the corrosion resistance of micro- and nano-crystalline

copper thin-layers and their interactions with various cor-

rosive environments are illustrated in Fig. 4 and Fig. 5,

respectively. The SEM images shown in Figs. 4 and 5

show localized attack on a microcrystalline sample and

uniform attack on a nanocrystalline structured specimen,

respectively.

The layers examined in this study were deposited on

polycrystalline copper substrates by the electro-crystalli-

zation method. Corrosion tests were carried out in 0.5 M

NaCl using potentiodynamic polarization methods. The

electrodes were thin-layer pure copper plates with an

effective surface area of 1 cm2.

A large area platinum foil and a saturated calomel

electrode were used as the auxillary and reference elec-

trodes, respectively. The working electrode was polished

with 1/0, 2/0, 3/0 and 4/0 emery papers and degreased with

trichloroethylene. The solutions were made using the

AnalaR grade chemicals with triple distilled water.

A block diagram of the experimental setup is shown

in Fig. 6. A 10 mV amplitude sine wave of a specified

frequency was applied potentiostatically to the corrosion

cell and the current response was analyzed by a dynamic

signal analyzer. In addition, an integral of the measured

signal was applied to the cell. For the sake of compar-

ison, potentiostatic measurements were also performed.

Generally, a uniform attack is characterized by the

chemical and electrochemical reactions that proceed on

the whole exposed surface. Both metals become thinner

and finally undergo failure. However, in some cases, the

nanostructured copper showed a lower corrosion resis-

tance than the microcrystalline material. On the other

hand the hardness and wear resistance of the nanostruc-

tured copper were better than those of the microcrystal-

line one.

Various morphologies of the nanocrystalline copper and

microcrystalline copper are observed in the SEM images.

The pitting corrosion failure of the surface of the micro-

crystalline copper is significant because of the smaller ac-

tive intercrystalline area. Therefore, some concentrated

active anode spots showed serious pitting corrosion. Stable

passivation did not occur on the surface of conventional

microcrystalline copper. The results of this study show that

the microcrystalline surface undergoes pitting corrosion

especially at the grain boundaries, impurities, triple junc-

tions and surface defects, whereas the nano-crystalline

surface is attacked by uniform corrosion.

The energy absorbed by the specimens can be easily

evaluated to be: WTmicro = 0.844 nJ in the nanocrystalline

structures, and WTnano = 0.368 nJ in the microcrystalline

structures (Fig.7). Generally, the one-period energy data

can be analyzed using an equivalent circuit model. The

results of various interpretations of the equivalent model

parameters are given in Table 1.

The model components were constructed by subtracting

them successively from the measured one-period energy.

The decrease of the material grain size affects the mor-

phology and topography of the copper surface layers and

increases the rate of the layer corrosion. The nanostruc-

Fig. 4 Microcrystalline

structure of the copper: (a) layer

surface without corrosion, (b)

layer surface after corrosion

Fig. 5 Nanocrystalline

structure of the copper: (a) layer

surface without corrosion, (b)

layer surface after corrosion

WAVE 
GENERATOR POTENTIOSTAT

SIGNAL
PROCESSOR

CORROSION
CELL

Fig. 6 Block diagram of the experimental setup
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tured layers exhibit lower corrosion resistance than the

microstructured layers. The models of the corrosion pro-

cesses provide useful information about the corrosion

behavior of the crystalline copper structures irrespective of

their grain size.

The electric resistance of the solution is often a signif-

icant factor that determines the impedance of the electro-

chemical cell. Between the counter and reference

electrodes this effect can be compensated by using a

modern 3-electrode potentiostat. However, the solution

resistance between the reference electrode and the working

electrode must be taken into account in modeling the

corrosion cell.

When the electrodes are polarized by a periodic pulse

voltage source, under stable conditions, the corrosion cur-

rent also has a periodic form but its shape differs signifi-

cantly from that of the excitation voltage. This distorted

sinusoidal wave better describes the conditions that exist in

practice. One can relate several properties of the corrosion

system operating under sinusoidal conditions to the well-

known properties of the nonsinusoidal states. By perturbing

a corroding system with a distorted nonsinusoidal signal of

low amplitude we do not need to perform a harmonic

analysis of the current response.

The present approach can also be applied even in a non-

linear case when a given system operates in a permanent

periodic state. Taking into account the voltage input shown

in Fig. 8 we can measure the one-period energy absorbed

by the sample. Since both the input and output signals

contain many harmonics, the one-period energy loops have

different shapes than those obtained in the case of sinu-

soidal excitations.

The one-period energy loops obtained for the copper

layers exposed to corrosion in 0.1 M NaCl are shown in

Fig. 9. It can be seen that even at such a peculiar excitation

as that shown in Fig. 8, the nanocrystalline copper layers

exhibit worse corrosion resistance than the microcrystalline

copper layers, both being exposed to the same corrosive

environement. This can be verified by evaluating the en-

ergy absorbed by the individual samples during one period.

This is generally attributed to the unique microstructure of

the nanocrystalline materials in which the grain boundaries

may occupy as much as 50% of the material volume. The

corrosion rate also depends on the microstructure and such

factors as the crystallographic texture, porosity, impurities

and triple junctions.

A simple comparison of the absorbed energies suggest

that the nanocrystalline copper layer absorbs three times as

little energy as the microcrystalline copper layer. Once

converted to a digital format, the output signal is then fed

into a computer for analysis. Several new approaches

perform most of the chip analysis by evaluating the

waveforms of the output signal and computing the integral

of the excitation signal. This improves the overall perfor-

Table 1 Parameters of equivalent circuit elements

Copper structure WT (nJ) Re (W cm2) Cdl (lF/cm2) Rt (kW cm2) Cc (lF/cm2) Rc (kW cm2)

lm 0.8443 10.0 8.8 1.29 58.0 7.28

nm 0.3681 13.0 7.9 3.45 77.0 7.47
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mance and data collection, because the analog signal pro-

cessing circuitry is functionally optimized. It is worth

mentioning that, although computers can easily provide

results up to four or more digits, care must be taken to

ensure that the overall system remains linear. Otherwise the

results will contain errors. A careful system design and its

validation are critical for the desired accuracy of the

experiment to be achieved.

4 Conclusions

Fitting a one-period energy model to experimental data can

be a straightforward task. It requires some knowledge of

the corrosion cell examined, its mechanism and a basic

understanding of the behavior of the cell elements. A good

starting point for the development of the model is to

compute the surface area of the one-period energy loop in

the energy phase-plane (v(t), q(t)) or equivalently (i(t),

w(t)). The corresponding integrals are denoted by w(t) and

q(t), respectively. This method has the advantage that the

a priori knowledge of Tafel constants is not necessary and

the calculation of the corrosion rate is accomplished within

a very short time.

The main feature of the present approach is the total

elimination of a harmonic analysis which, in turn, simpli-

fies the appliances used for measuring the corrosion rate.

The method is based on time-domain data alone and there

is no need to use a second domain analysis such as, for

example, the frequency domain used in the EIS method [1,

13, 17]. The use of typical mathematical tools, such as

Fourier series and Fourier transforms [18] is avoided.

The usefulness of this technique has been examined for

microcrystalline and nanocrystalline copper layers. We

have shown that nanocrystalline copper layers exhibit a

lower corrosion resistance than microcrystalline copper

ones even when they are fabricated by the same electro-

chemical method.
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