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The potential and current oscillations during corrosion of NiCoAg alloy in Hank solution were studied. Detailed nonlinear fractal
analyses were used to characterize complex time series clearly showing that the irregularity in these time series corresponds to
deterministic chaos rather than to random noise. The chaotic oscillations were characterized by power spectral densities, phase
space, and Lyapunov exponents. Electrochemical impedance was also applied the fractal dimensions for the corroded surface was

obtained, and a corrosion mechanism was proposed.

1. Introduction

The wide diversity and sophistication of materials currently
used in medicine and biotechnology are a testimony to the
significant technological advances which have occurred over
the past 25 years; metallic implant materials have a significant
economic and clinical impact on the biomaterials field. The
demand for such medical device implants is expected to
increase in the coming years. Stainless steels, cobalt, titanium
and their alloys are widely used in the production of artificial
joints and fixation devices where both titanium, and cobalt
alloys demonstrate good biocompatibility. Many other alloys
are being developed to improve performance and to lower
their costs [1, 2]. For such new materials little is known about
their electrochemical characteristics and dynamic corrosion
behaviour.

Spontaneous electrochemical potential and current oscil-
lations generated by corrosion reactions are known as elect-
rochemical noise (EN). These oscillations are commonly
observed in many electrochemical processes, such as elect-
ropolishing, passivation, active and different forms of local-
ized corrosion, which are strongly influenced by the growth
and the dynamic film breakdown and repassivation events of
the anodic film.

For the interpretation of electrochemical noise measure-
ments (ENMs) data, different approaches have been pro-

posed for processing the experimental data records: visual,
statistical, spectral, and wavelet transform-based analysis,
and the less common chaos-fractal non-linear dynamic
systems analysis. Reviews of the measurements interpretation
of electrochemcal noise describing these analysis and their
practical applications associated with corroding metals can
be found in the literature [3-6]. Cottis [6] questions
the usefulness of chaos theory regarding electrochemical
noise analysis. Legat et al. [7, 8], and others carrying out
chaotic analysis of electrochemical noise in various corrosion
processes, concluded that the chaotic analysis of measured
electrochemical noise can help to determine the different
types of corrosion [8-24].

Interest in the behavior of nonlinear dynamic systems
has considerably increased. Under certain circumstances,
these systems exhibit a behavior that has been termed
“deterministic chaos.” This means that the system behaves
in a deterministic way (i.e., stochastic, but not random);
however, its behavior is extremely sensitive to the initial
conditions, therefore being in the long range completely
unpredictable.

In the last few years, chaos theory has been developed
to characterize nonperiodic and non-linear systems. This
theory has been applied in the characterization of various
systems, including electrochemical processes. The applica-
tion of deterministic chaos theory to materials science reveals



the prevalence of nonlinear dynamic effects on the behavior
of materials.

Pitting may exhibit either random or deterministic
(sometimes chaotic) features following the composition of
the corrosive electrolyte with respect to the pitting resistance
of the material under consideration. The pitting corrosion of
copper in artificial seawater is chaotic in nature as well as the
pitting process of aluminum and nickel at its free corrosion
potential in the presence of chlorides [10, 15, 20, 21, 25].

Electrochemical noise (EN) is a nonintrusive technique
used which is highly successful as a powerful tool both for the
fundamental understanding of various aspects of corrosion
and for the solution of practical problems of corrosion
protection, in particular in the area of corrosion monitoring.
The high sensitivity of the technique also permits detection
of the initiation of localized corrosion on passive metal
surfaces [3-5].

The aim of the present study was to analyze the EN
measured on a nickel cobalt silver alloy developed as a
possible biomaterial immersed in Hank solution. By the use
of different chaos and fractal analysis tools, the dynamic
behavior and the mechanism of different types of corrosion
were characterized and compared with other electrochemical
techniques.

2. Experimental Procedure

The Ni-Co-Ag alloy was produced by the Vacuum Induction
Melting (VIM) technique, in a range of system pressure
of 1072 torr. The alloy was melted in high-purity quartz
crucibles of 13 mm diameter with Ni content of 60 wt.%,
Co 35wt.%, and Ag content 5wt.%. Heat treatment was
performed at 850°C for one hour in order to homogeneize
the microstructure of the alloy. Metal specimens leaving an
exposed area of 1.0 cm? were encapsulated in epoxy resin and
polished with silicon carbide (SiC) paper up to 1200 grit, and
with diamond paste to a 1.0 ym finish. Samples were washed
with distilled water, degreased with acetone, dried under an
air stream, and kept in a desiccator until immersion.

The sample was used as a working electrode in a typical
electrochemical cell using a four-electrode setup including
the two identical working electrodes, a saturated calomel
reference electrode (SCE) and a graphite counter electrode,
for other electrochemical measurement techniques. Electro-
chemical experiments were performed using an ACM Elec-
trochemical Instrument controlled by a personal computer.
The electrolyte was a Hank solution whose composition is
given in Table 1.

The ENM time series were carried out using an ACM
Electrochemical Instrument coupled to a personal computer
(PC), which could store the data for further analysis. The
method consisted of measuring as a function of time, the
electrochemical potential noise (EPN) between the working
electrode and a SCE, and the electrochemical current noise
(ECN) between two identical working electrodes, at open
circuit conditions. The 4096 data samples were obtained at a
sampling rate of one reading every 1 second, controlled by a
PC. After gathering the data, four segments of 1024 data sam-
ples were produced and averaged, obtained, and presented
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TasLE 1: Hank solution composition.

Component Concentration (g/L)
NaCl 8.0
CaCl, 0.14
KCI 0.4
Glucose 1.0
NaHCO; 0.35
MgCl,-6H,0 1.0
NaHPO,-2H,0 0.06
KH,PO, 0.06
MgSO,-7H,0 0.06

as a potential/current time record of sufficient length, 1024
data samples, and the direct current (DC) drift was removed
when necessary, for further analysis. This trend removal is a
common procedure in electrochemical noise measurements
procedure and analysis, since the DC drift overshadows the
properties and magnitude of true electrochemical noise.
Electrochemical noise analysis was performed using the
chaos data analyzer educational software.

Electrochemical impedance spectroscopy tests, EIS, were
carried out at Ec, by using a signal with an amplitude of
10 mV and a frequency interval of 1.00E + 4 to 1.00E — 2 Hz
every 24 hours during 30 days. Experiments were performed
in static conditions at 37°C by immersing 1000 mL electro-
chemical cell in a thermostatic bath. Afterwards, analysis
was performed with suitable impedance analysis software by
using an equivalent circuit.

Potentiodynamic polarization curves were obtained by
varying the applied potential from -1000mV up to
+1000 mV at a scan rate of 60 mV/s. Before the experiments,
the Ecorr value was measured during approximately 30 min-
utes, until reaching stability. All potentials were measured
using a saturated calomel electrode (SCE) as a reference
electrode. All tests were performed at 37 + 1°C.

3. Results and Discussion

Electrochemical potential (EPN) and current (ECN) noise
were measured in a freely corroding system (see Figure 1),
to obtain information regarding the corrosion process.
The NiCoAg alloy in the Hank solution electrolyte suffers
general and/or localized corrosion. In general, three different
types of EN generated by different types of corrosion were
observed. Type A (Figure 1 [potential Day 1] and [current
Day 1]): the EN generated consisted of high-frequency
(high repetition rate) oscillations and high-amplitude trains
of modulated amplitude oscillations with a low-frequency
quasiperiodic oscillation. Type B (Figure 1 [potential Day
12] and [current Day 12]): oscillations of type A combined
with occasional high-amplitude sudden transients and type
C (Figure 1 [potential Day 30] and [current Day 30]) formed
by small amplitude oscillations with some higher amplitude
transients.

The behaviour observed with time series of different
shapes seems to indicate that the corrosion products formed
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FIGURE 1: Electrochemical potential and current time series for different immersion.

over the metal surface have a different composition and
degree of stability (EPN), thus producing a corrosive attack
whose kinetics and morphology are different (ECN). The EN
of type A is associated with pitting corrosion (Figure 2(a)),
whereas EN type C signals seem to correspond to general
corrosion or achievement of a pseudopassivation (corrosion
products) state (Figure 2(b)). Type B could be ascribed to a
possible transition state between the two.

This fact is also reflected in the changing corrosion
potential values as a function of time and the polarization
curve (Figure 3(a)). The potential as a function of time
presents a trend towards more active values. Nevertheles,
three distinctive regions can be observed, the first few days
oscillating potentials, from the tenth to the twentieth day
less variable potentials with a trend to decrease in their
values, from the twentieth day onwards, steady state values

were observed. This was due to the possible formation of
protective corrosion products but maintaining active corro-
sion potential values. It was confirmed by the polarization
curve (Figure 3(b)), where the anodic region presents an
anodic pseudopassive region associated to the formation of
a protective film and a pitting potential. The cathodic region
presents a typical limit current behavior associated to mass
transfer process responsible for the mixed control of the
corrosion process.

Spectral analysis has also been used to study the peri-
odicity of the structure of EN time records. The slope of
the spectral density function (SDF) at higher frequencies
typically has the form of (1/fF). Different values of the
p exponent have been reported for specific modes of
corrosion [10, 26-28]. Mandelbrot provides the connection
between the structure of the EN time record and the SDF
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FiGgure 3: Corrosion potential as a function of time and polarization curve.

(characterized by Dy and ) and the microscopic behaviour
(oxidation reactions) responsible for corrosion. The fractal
dimension Dy is defined as

-5

Dy = >

(1)

The power spectrum based on the discrete Fast Fourier
Transform (FFT) refers to the transformation of functions
of a continuous real argument, such as time (¢). The
Fourier transform describes a function f(¢) in terms of basic
complex exponentials of various frequencies. In terms of
ordinary frequency, v, the Fourier transform is given by the
complex number through the following:

F(v) = f F() - ey, 2)

Evaluating this quantity for all values of frequency v produces
the frequency-domain function. The power spectrum, which
is a graph of the amplitude spectral density against frequency
of voltage and current noise corresponding to EN Types
A and C, is shown in Figure 4. Two types of behaviour
were observed in the spectra obtained, white noise which is
independent of frequency and the other a 1/f# function.
When localized attack is the dominant mechanism like in
pitting corrosion process, the EN signal time series present
high-frequency transients of increasing amplitude, according
to Uruchurtu and Dawson [10]. Localized corrosion of the
metal alloy tested was observed in Hank solution (Figure 3).

The EN obtained for localized corrosion, being of type
A, can be presumed to have been generated by galvanic
corrosion initiating localized corrosion attack around sil-
ver particles. These particles eventually become loose and
precipitate leaving active sites which eventually are covered
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F1GURE 4: EN spectral density plots for 1 and 30 days of immersion.

or stiffened with corrosion products. This process might be
responsible for the train of pulses or bursts of noise observed
(types A and C). These particles eventually become loose and
precipitate leaving active sites which eventually are covered
or stiffened with corrosion products. Other sites corrode and
are covered with corrosion products film [25].

As an example, two types of spectra (Figure4) were
obtained for type A and B. The amplitude spectra of
voltage and current noise show that the low-frequency
limit components changed from 2 x 107> mV/Hz"? to 4 X
107> mV/Hz? for voltage and 1 x 1071 mA/cm?/Hz"?
to 3 X 107> mA/cm?/Hz"? for current noise, respectively.
The amplitude values, at ~500 mHz high frequency limit,
increase from 1 x 107> mV/Hz? to 5 X 107> mV/Hz"? for
voltage. This change could be associated with the change
from type A to type C signals. Analogously, the current

noise increases from 2 X 107'°mA/cm?/Hz"? to 1 X
10~ mA/cm?/Hz?, for the same reasons. This type of
spectrum has been attributed to chaotic signals due to the
1/ fﬁ shape obtained. Chaotic analysis, therefore, has been
applied to characterize the processes generating the different
types of EN [7].

All phenomena of high-amplitude oscillations can be
associated with the possible formation of unstable films,
which are likely formed of nickel and cobalt oxides and/or
chlorides [27, 28]. The stabilization of these layers can take
place through the formation of complex species of a salt film,
as indicated by Garcia et al. [15] for nickel in chlorides. The
presence of complex species, which may change the stability
of corrosion films, could be an explanation for the different
noise signals obtained. This is confirmed by the shape of the
polarization curve (Figure 3(b)), where a pagssive region of
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FiGure 5: EN attractors for different times of immersion.

about 200 mV associated to the corrosion product formation
is present, and a pitting potential around —150mV. The
corrosion potential is around —350 mV and a current limit
cathodic region associated to diffusion process.

It is possible to distinguish a stochastic (random) beha-
viour from a deterministic one. The behavior of a dynamic

system is best described in its phase space portrait, a graph
of the variable X(¢), against its time derivative series. Each
possible state of the system corresponds to a point in the
phase system, whereas the evolution of states is represented
by a continuous line giving the system trajectory. If the
signal is purely stochastic, the trajectory fills randomly the
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phase space. A graph describing the evolution of the system
from different initial conditions is called an attractor. When
the signal is deterministic, the trajectory draws a particular
shape, whose topology determines the level of organization
for the system behaviour.

Even when the system seems to obey deterministic
law (in probabilistic terms), the long-term behaviour may
be unpredictable, because of its sensitivity to the initial
conditions. This sensitivity characterizes the onset of low-
dimensional chaos, together with self-similarity properties
of the attractor which then exhibit a fractal structure [29].
From the latter, it is evident that different types of EN form
different types of attractors [17-19].

Graphic presentations of attractors for the different
potential and current noise signals obtained shown in
Figure 5. During localized corrosion (EN type A, day 1), the
attractor consisted of multiple loops, and a diamond ring-
like attractor for current (Figures 5(a) [day 1] and 5(b)
[day 1]) was obtained. The attractors of EN generated by
general and mixed corrosion (EN type B, day 12) indicated
a transition state from high to low periodicity and are clearly
distinguished (Figures 5(a) [day 12] and 5(b) [day 12]).
During passivation (EN type C, day 30), the attractor of
voltage and current noise (Figures 5(a) [day 30] and 5(b)
[day 30]) presents a cone-like attractor and low periodicity.

The attractors of different types of EN form different
structures; however, to quantify the geometry of an attractor,
its static and dynamic characteristics (Lyapunov exponents)
must be estimated. The Lyapunov exponents are the most
important parameters characterizing the properties of an
attractor of a dynamical system. The Lyapunov exponents
measure the average rates of divergence of nearby trajectories
in phase space, thus quantifying how unpredictable the
system is, depending on initial conditions. When at least
one Lyapunov exponent is positive, then this system exhibits
chaotic behaviour. On the other hand when no positive

Lyapunov exponent exists, the long-term predictability of the
system is guaranteed.

In order to characterize the unpredictability of processes
that generate different types of EN, the maximum Lyapunov
exponent has to be estimated. To do this, a method was
proposed by Rosenstein et al. [30] and commonly used.
The maximum Lyapunov exponent, A, quantifies the greatest
rate at which the distance between two nearby trajectories
increases exponentially in time. If A > 0, there is at least one
direction in the phase space along which an attractor exhibits
chaotic (unstable) behavior; for A = 0, some sort of steady
state do exist [31, 32].

To calculate the Lyapunov exponents an algorithm such
as the following can be used:

dxn+l

LN
= lim — > 1
A im %og dx,

N—o N

LN
= ngnooﬁngilog\rn(l —2x,)].
(3)

Quantitatively, two trajectories in phase space with initial
separation 67, diverge (provided that the divergence can be
treated within the linarization approximation), therefore, the
divergence can be obtained by

16Z(t)] ~ eM|8Z]. (4)

As an example Figure 6 presents the average divergence
for the Lyapunov exponent, obtained for the current noise
phase space attractor, corresponding to the first day of
immersion. The values of the A1 estimated for the attractors
of electrochemical potential and current noise in the different
types of corrosion were calculated over a period of 30 days
(Figure 7). It can be seen that the positive values of A oscillate
near or above zero. In general, at the start they are lower than
0.2 for EN type A, whereas for the mid-period the values of
A were between 0.2 and 0.4 for EN type B and at the end
were higher than 0.4 for EN type C. Three regions can be
distinguished in this plot: from 0 to 15 days, with alternation
between EN type A and B; from 15 to 22 days, with values of
A1 lower than 0.2, corresponding to EN type B; from 23 to 30
days, with values of A1 higher than 0.4 (EN type C), which
is in accordance with Figure 3(b), corresponding to general
corrosion or pseudo passivation.

It can be noted that during localized corrosion (EN
type A), the A1 is positive, which is in accordance with the
results previously published by Corcoran and Sieradzki [18],
demonstrating that the fluctuations that occur during this
process are chaotic in nature.

The electrochemical impedance data as a function of
time, of the alloy immersed in Hank solution, is presented
in Figure 8 [33-36]. The results show the Nyquist diagrams
describing the different behavior of the alloy for different
times of immersion in the corrosive medium. It is seen that
there is present single depressed semicircle involving one
time constant (7).

Alternatively, for longer periods of immersion, small and
increasingly large depressed semicircles, at low frequency
corresponding to mass transfer adsorption process, were
sometimes obtained.
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The observed behavior was modeled in terms of the
circuit presented in Figure 7, a CPE in parallel with a charge
transfer resistance and a second RC impedance element loop
in parallel, corresponding to the low-frequency behaviour.
When charge transfer is the control process, the circuit
reduces to the classical equivalent Randles electric circuit of
a charge transfer corrosion process [35, 37].

Sometimes impedance data obtained at the corrosion
potential have the shape of a depressed semicircle with its
centre, on the real axis. The simplest equivalent electric
circuit corresponds to a parallel combination of a capacitance
and a resistance. In the electric circuit, the constant phase
element (CPE) represents the double-layer electrochemical
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EIS spectra Ni-Co-Ag in Hank solution at 37°C
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interface, R; the solution resistance, and R represents the
charge transfer resistance.

The complex impedance Z(jw) of a depressed semicircle
could be expressed as

R + Ry
Z = s — - (5)
[1 + (]wclect) ] !

For better quality constant phase elements, CPEs, replac-
ing the capacitor, are often used in data fitting of depressed
semicircles. The CPE is determined by the following equation
(38, 39]:

L
Q (jw)"~

where Zcpp is the CPE impedance; Q corresponds to a
proportionality factor, j is (—1); w is the angular frequency
and n the surface irregularity estimation (40, 41]. The CPE is
considered to be a surface irregularity of the electrode [39],
causing a depression in the Nyquist semicircle diagram [37].

Zepe=Zo(jw) " = (6)
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The time constant (7) and the capacitance value (C) of
the CPE elements can be calculated by the following [42, 43]:

R
Q = 5
Ret
(7)

c = [ari™]"",

where 7 is the time constant and C is the capacitance of
the double layer associated with the CPE, with « being the
depression angle:

a= (1-n)x90°. (8)

Parameter # is 1 for an ideal capacitor. In real systems, the
ideal capacitive behaviour is hardly observed due to surface
roughness, heterogeneities, or other effects that cause uneven
current distributions over the electrode surface. In the case
when n = 1, the term (jwCaqR)", reduces to jwCq R
where Cyq is the interfacial double-layer capacitance. This can
be interpreted as an indication of the degree of heterogeneity
of the metal surface [34]. When # takes values slightly higher
than 0.5, it corresponds to a severe heterogeneity, but when n
is equal to 1, the metal surface is completely smooth. This
degree of heterogeneity has been associated to the fractal
dimension of the surface [35].

A “fractal” is an object with complex structure, revealing
new details at increasing degrees of magnification [29, 35].
Taking into account the degree of depression of the semicircle
in the Nyquist impedance plot, it is possible to determine
the fractal dimension (roughness) of the electrode surface by
means of the following [44]:

1

T (Dp-1) ®)

n

where Dy is the fractal dimension of the surface. D can take
values between 2, for a surface completely smooth, to values
close to 3, for a rough surface.

Generally, if the Dg; value falls around 2.0, this indicates
that the metal surface is smooth and homogeneous; other-
wise, if the value is lower than 3.0, it is because the metal
surface is heterogeneous and rugged. Gasparovic et al. [45]
explained the surface of an electrode by using the fractal
geometry [33]. It has been demonstrated that the fractal
dimension of an electrode can be determined by means
of electrochemical impedance measurements and correlated
with atomic force microscopy [35].

Electrochemical impedance as a function of time of
immersion (Figure 9(a)) shows that in the first few days a
low resistance was obtained, indicating that a high rate of
corrosion occurred over the electrode surface; however, a
steep increase in the impedance values due to a rapid growth
of corrosion products layer over the metal surface probably
occurred.

The surface fractal dimension Dg) as a function of time
(Figure 9(b)) provides the connection with the impedance
measurements (Figure 9(a)). It was observed that in the
first few days of immersion, the fractal dimension of the
electrode exhibits a low value, illustrating that the metallic
surface starts homogeneously smooth. As time passes and
the metal surface corrodes the fractal dimension increases,
meaning that the surface is getting rough. After ten days of
immersion, the fractal dimension reached a steady value Dg
2.6), probably to the possible formation of a film of corrosion
products, and the surface is expected to be homogeneously
covered by the film. After 25 days, the fractal dimension
reached the highest values probably due to further corrosion
as indicated by the decreasing values of the impedance. Once
again, further corrosion products grow or block the local
site decreasing the fractal dimension again, to previous level.



10

Nevertheless the value is still higher than that reported at
the beginning of the test, idicating a highly rugged corroded
surface as a consequence of the corrosion process.

The Nyquist impedance as a function of time presents an
evolution from a charge transfer to a mass transfer corrosion
process probably due to a film formation accompanied
by eventual film rupture repassivation events, becoming a
more complex process with rugged surface conditions. This
is suggested by the complex structure of the phase space
diagrams and the Lyapunov exponents and fractal dimension
as a function of time obtained and presented.

4. Conclusions

Different EN time series were observed during the corrosion
process for NiCoAg alloy in Hank solution, as a function of
time of immersion. Corrosion proceeds as galvanic attack,
followed by localized attack at silver particle sites, with
corrosion products film formation. The dynamic corrosion
of this alloy in solution is a chaotic process, according to frac-
tal analysis of electrochemical noise. The fractal dimension
obtained from electrochemical impedance is a measure of the
corroded surface characterizing the attack. Chaotic analysis is
a powerful tool to process electrochemical noise signals.
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