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Abstract Tensile process of Al–Mg alloys exposed to
electrochemical environment is accompanied by numerous
electrochemical phenomena, the reasons of which depend
on both mechanical and electrochemical factors. Identifica-
tion and description of these phenomena is of fundamental
importance. This paper presents the results of impedance
investigations carried out during a tensile test of Al–Mg
alloys till rupture. The impedance measurements were
performed using a dynamic electrochemical impedance
spectroscopy (DEIS) technique. It was found that a
phenomenon of mechanical cracking of a passive layer
occurs in the elastic range, what results in significant
breakdown of barrier properties of the layer and thus in an
initiation of corrosion processes on the samples’ surface. In
the plastic range oscillatory changes of electrochemical
properties of the samples were identified. The investigations
revealed that they were associated with the Portevin–
LeChatellier effect. The DEIS measurements were conducted
under different electrochemical (various levels of anodic
polarization) and mechanical (various strain rates) conditions
in order to identify and evaluate the factors influencing a
dynamics of changes of electrochemical properties of the
alloys.
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Introduction

For many years aluminum–magnesium alloys have been the
object of numerous scientific researches. They are charac-
terized by very good exploitation properties, among which,
the most important are low density and consequent also
high strength-to-weight ratio [1–3], good electrical and
thermal conductivity [1, 4], good weldability [3, 5],
formability and castability [2–3], and high corrosion
resistance [3, 5, 6]. Many of these properties depend
strongly on magnesium content in the alloy. Good anti-
corrosion properties of aluminum–magnesium alloys are
due to a passive layer presence. Resistance of the passive
layer in different environments and in varying electrochem-
ical conditions has become the subject of many papers [7–
10]. Mechanical aspects are important factors influencing
on corrosion processes, because mechanical properties of
the passive layer have an impact on a kinetics of the stress-
corrosion cracking process. Researches involved with the
stress-corrosion cracking are well known and widely
performed all over the world. Classical stress-corrosion
cracking researches are based on electrochemical and
mechanical measurements, and metallographical studies
[11–12]. A combination of electrochemical and mechanical
measurements seems to be an interesting approach aimed at
description of mechanical properties of the passive layer. At
this point, one must recognize significant measurement
obstacles in investigation of Al–Mg alloys resulting from:
changes of analyzed surface area, which increases non-
linearly during the tensile process and such phenomena as
the passive layer cracking as well as the Portevin–
LeChatelier (PLC) effect. During plastic deformation of
Al–Mg and Al–Cu type alloys it was found that the alloys’
surface exhibited some unevenness connected with the
serrated yielding phenomenon (the Portevin–LeChatelier
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PLC effect). Magnesium or copper atoms are characterized
by high mobility in the dissolved state yielding non-
uniform plastic strain under typical temperatures and for
typical strain rates.

The use of potentiostatic techniques developed the
knowledge of the stress-corrosion cracking mechanism
[13–15] and allowed the determination of the stress-
corrosion cracking characteristic potentials [11–14]. How-
ever, these measurements were mainly DC ones, which are
ideally suited for investigation of the stationary processes
that is when electrochemical properties do not change
during the time of measurement. A new approach is
execution of electrochemical measurements in dynamic
conditions, namely realization of the measurements during
the tensile test [16]. In such conditions, the surface area of
the samples changes upon their elongation. Thus, DC
researches would yield averaged results, which could not be
properly interpreted. Classical electrochemical impedance
spectroscopy (EIS) also makes possible receiving informa-
tion, which relate to the stress-corrosion cracking process,
but only before and after the moment of cracking, when the
investigated system has attained a steady state [17–18].
Basic background of such measurements was widely
discussed by Gabrielli [19], Macdonald [20], Mansfeld
and Lorenz [21] and Stoynov et al. [22]. However, as for
now, detailed determination of the moment of the passive
layer cracking in time/strain domain was not possible by
means of any electrochemical technique or mechanical test.
That is why the methodology of measurement must be
changed.

The great evolution of mathematical analyzing techniques
enabled to achieve a breakthrough in electrochemical meas-
urements [23–25]. The use of joint time–frequency analysis
made possible the analysis of impedance measurements
in time or strain domain. This measurement technique
allows analysis of mechanism of electrochemical process
in time domain including rapid phenomena such as
changes in the physical properties of passive films, but
it was never used for investigation of dynamic mechan-
ical processes.

Darowicki et al. elaborated a new dynamic impedance
technique, which can be very useful in such type of
investigation [23–25].

The aim of this work is simultaneous execution of
electrochemical (DEIS) and mechanical investigations
during the tensile test. They are meant to provide
information on an influence of dynamic mechanical factor

(tensile stress) on impedance results. Moreover, the main
mechanical and electrochemical factors influencing the
obtained characteristics will be identified.

Experimental

Experiments were composed of classical electrochemical
DC measurements (cyclic polarization), and AC measure-
ments performed using DEIS.

Detailed electrochemical measurements during the ten-
sile test were conducted for AA5251 aluminum alloy,
because it contains relatively small amount of magnesium,
which improves both corrosion resistance and plastic
properties of the alloy.

Examined samples were made in the form of bars
according to the ASTM standard. Detailed chemical
composition of investigated AA5251 aluminum alloy based
on the UNS Number (Unified Numbering System for
Metals and Alloys) is presented in Table 1.

The samples were mounted in a measurement cell and
then in a tensile testing machine MTS 81012. Tensile tests
and samples preparations were performed according to EN
10002-1 +AC1 standard at room temperature with the MTS
extensometer characterized by the measurement base of
40 mm. The mechanical investigations consisted in tensile
tests of the samples carried out until their rupture with
simultaneous stress/strain recording. The strain changed
linearly versus time and the applied strain rates were as
follows: dε/dt=1×10−2 s−1, 5×103 s−1, 1×103 s−1, 5×104 s−1.

The electrochemical measurements were performed
simultaneously with the mechanical ones. Examinations
were carried out in a three-electrode electrochemical cell, in
which silver/silver chloride electrode was used as a
reference electrode and an auxiliary electrode was made
of platinum net.

The electrochemical measurements were conducted in
buffered solution (H3BO3+Na3BO3; pH=7.4) with addi-
tional content of 0.002 M sodium chloride. The geometrical
area of examined samples was equal to 19.6 mm2.

Additionally, the electrochemical examinations were
carried out under tensile stresses in such a way that a time
of the DEIS measurements was correlated with the strain
process. The measurement was stopped when the sample
was broken. Average recorded strain value for AA5251 was
of 18% (0.18). A basic measurement set-up consisted of
electrochemical measurement software Gamry International.

Table 1 Chemical composition of investigated AA5251 alloy (atomic %)

Mg Zn Cr Fe Mn Cu Other

1.7–2.4 – Max 0.15 Max 0.4 0.01–0.05 Max 0.15 Bal
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Rate of potential changes was 1 mV−1. The DEIS
measurements were realized using KGLstat v. 2.1 potentio-
stat and a National Instruments PCI 6120 card generating
the perturbation signal, registering voltage perturbation and
current response signals. Impedance measurements were
executed for the frequency range: 20 kHz–3 Hz. The
average number of points per decade in the DEIS measure-
ments was 5. A sampling frequency of 100 kHz resulted
from the measurement card settings being at our disposal.
In the investigations the multi-sinusoidal signal composed
of 20 sinusoids was utilized. Depending on applied
frequency, the amplitudes of sinusoidal signals were
ranging from 3 to 18 mV. The papers [24, 25] contain
detailed description of this method.

Results and discussion

Prior to execution of simultaneous electrochemical and
mechanical measurements it was necessary to evaluate
basic electrochemical properties of AA5251 alloy exposed
to borate solution with additional content of 2 mM sodium
chloride. That is why potentiodynamic cyclic polarization
tests were performed and their results are presented in
Fig. 1.

A series of 20 samples prepared in an identical way
were investigated in order to determine the passive range
and pitting corrosion potential of the alloy. Obtained
results were subjected to elementary statistical evaluation.
The stationary potential was equal to −0.630±0.020 V

and the pitting corrosion potential at current density of
5×104 A/cm2 was −0.180±0.022 V. Accordingly, it can be
seen that the passive range is relatively broad in the
investigated environment.

Before the main experiment, a series of mechanical tests
were also carried out aimed at determination of fundamen-
tal mechanical parameters. They consisted in the tensile
tests performed for various strain rates from dε/dt=5×
104 s−1 to dε/dt=1×102 s−1. Table 2 gathers characteristics
of the fundamental mechanical parameters of AA5251 alloy.

Figure 2 depicts an exemplary stress–strain curve and
potential–strain plot obtained for the strain rate dε/dt=5×
103 s−1.

The stress–strain curve of AA5251 alloy (Fig. 2a)
exhibits certain oscillations. This phenomenon is termed
the Portevin–LeChatelier (PLC) effect. During the plastic
treatment, irregularity of surface, or what is known as the
serrated yielding phenomenon or the Portevin–LeChatellier
effect (PLC), appears [26]. Very thorough mathematic
analysis was conducted by Hähner and some other
scientists [27–29]. The discussed phenomenon concerns
aluminum alloys containing magnesium. Magnesium
molecules are characterized by high mobility in liquid
phase, which causes unequal process of plastic deforma-
tion under typical temperatures and strain rates. Research
of serration process was conducted with many aspects
taken into consideration.

Very often, during realization of tensile process of Al–
Mg alloys, many types of serration occur which makes it
very difficult to define dynamic parameters. The group of

Fig. 1 A series of exemplary
graphs showing the results of
potentiodynamic measurements
performed on AA5251 alloy in
buffer solution

Table 2 Mean values of mechanical parameters obtained on the basis of a series of tensile tests

Min proof stress 0.2% Proof stress 0.2% Min ultimate tensile strength Ultimate tensile strength Hardness,
Brinell

Hardness,
Vickers

130 MPa 175 MPa 205 MPa 215 MPa 65 70
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Al–Mg alloys is characterized by two types of serration: A
and B [30]. Type A is characterized by perturbations on
stress–strain curve in the form of many peaks, which occur
with variable regularity as a function of strain. On the other
hand, type B describes irregular stress changes as a function
of strain.

Observed oscillations are the effect of non-uniform
changes of surface area of the sample subjected to tensile
process. Simultaneous electrochemical and mechanical
investigations revealed that anodic polarization has no
influence on mechanical parameters. For the highest anodic
potentials, a process of electrode dissolution lasts too short
to have any impact on the mechanical properties of the
investigated material. Strain rate in the range from dε/dt=
1×102 to 5×104 s−1 influences only on an intensity of the
PLC effect [30]. Basic mechanical properties do not change
significantly for this range of strain rate.

Figure 2b shows also very dynamic changes, which
occur on a surface of the investigated sample. One can
notice a significant drop of potential versus strain as well as
some oscillations of various frequencies. At the beginning
of the tensile test, the potential is constant and it takes the
same value as in the case of non-strained samples. Until the
strain ε=0.02 is reached, there are no oscillations and no
significant fluctuations of potential. Beyond ε=0.02, a
rapid drop of potential is observed, whereas for the strain
values higher than ε=0.03, a decrease in potential is
accompanied by its irregular oscillations. These oscillations

become more regular for the strain beyond ε=0.06. For the
strain values following ε=0.08 the mean value of potential
does not decrease and is equal to −1.3 V. For ε=0.13, the
oscillations of potential change their character, while the
mean value of potential decreases slightly down to −1.4 V,
just before the rupture. A preliminary analysis suggests
proceeding of very complicated processes, which have an
influence on electrochemical properties of surface of the
investigated material. A significant decrease in potential
observed since ε=0.02 indicates cracking of the passive
layer due to increasing strain. Detailed researches on alloy
steels and aluminum alloys revealed that passive layer
cracking occurs for defined values of strain [16, 32–34]. A
value of the critical strain, for which the passive layer
cracks can be precisely determined for a given alloy using
the DEIS and acoustic emission methods [35]. Regular
oscillations of potential recorded during the tensile test are
connected with the PLC effect. Non-uniform process of
change of surface area of the specimen results in significant
fluctuations of potential.

In order to relate the recorded mechanical parameters
(Fig. 2a) to the electrochemical results (Fig. 2b), a time–
frequency analysis of the stress records was performed with
the short-time Fourier transformation employing Hanning
window [31]. The exemplary results of such analysis, carried
out for the strain rate dε/dt=5×103 s−1, are shown in Fig. 3.

The obtained spectrogram reveals presence of several
frequency bands, which are connected with the PLC effect
of type A and B. For the strain higher than ε=0.15, there is
only type B serration, which is characterized by a few
harmonic bands; the lowest band has the frequency f=
0.6 Hz. Applied mathematical analysis allowed description
of a character of the oscillations in the strain domain
(measurement time is proportional to strain).

The oscillations of potential (Fig. 2b) suggest imple-
mentation of the same analysis as in the case of mechanical
investigations. Accordingly, the time–frequency analysis
with the short-time Fourier transformation employing

Fig. 3 A frequency–strain plot for the strain rate dε/dt=5×103 s−1,
obtained as a result of analysis using the short-time Fourier
transformation with Hanning window

Fig. 2 An exemplary stress–strain curve for AA5251 alloy (a) and
stationary potential plot (b) recorded for the strain rate dε/dt=5×103 s−1
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Hanning window was performed and an exemplary resul-
tant spectrogram is depicted in Fig. 4.

High conformity can be seen while comparing both
spectrograms (Figs. 3 and 4), which are based on the
analysis of strain and potential respectively. It means that
the PLC effect causes changes of surface area what can be
detected by potential measurements. Instantaneous increase
in the active surface area is accompanied by a decrease in
potential, which represents an image of irregular changes of
surface. The decrease in potential is connected with
exposure of the active surface area, not covered with any
oxide layers. An increase in potential corresponds to a stage
of the tensile process, during which change of the active
surface area is minimum. An intention of application of the
buffer solution in the studies was to avoid active dissolution
of aluminum during dynamic changes of surface area of the

strained samples. In case of both spectrograms, the
frequencies of particular harmonic bands of the type B
serration are close to each other. Certain differences arise
when assessing presence of the type A and type B serration
in the strain range from ε=0.03 to ε=0.14. The PLC effect
exhibits much higher regularity (well-resolved bands
localized in the time domain) in the case of potential
measurement results (Fig. 4) than on the spectrogram
corresponding to the analysis of stress versus strain
(Fig. 3). Performed comparative analysis clearly showed
that the measurement of potential of the electrode subjected
to the tensile process was consistent with the mechanical
characteristic. So, this method can applied for an analysis of
the surface PLC effect. Thus, it is possible to correlate
mechanical changes with the changes of the surface area
subjected to electrochemical measurements.

The next stage of investigation consisted in dynamic
electrochemical impedance spectroscopy measurements
during the tensile test. The measurements were carried out
in a potentiostatic mode for different levels of anodic
polarization as well as for different strain rates at constant
potential. Such approach enables evaluation of an influence
of both electrochemical and mechanical factors on kinetics
of the electrochemical processes occurring during the
tensile process.

Figure 5 presents the impedantiograms from the DEIS
measurements conducted for the following levels of anodic
polarization E=−0.390, −0.460 V and for the strain rate dε/
dt=5×103 s−1 (Fig. 5a,b). Figure 5c and d illustrate the
impedantiograms from the DEIS measurements conducted

Fig. 5 DEIS spectrograms
recorded during the tensile test
of examined AA5251 aluminum
alloy: at potentials
a E=−0.390 V, b E=−0.460 V
for the strain rate dε/dt=5×103

s−1 as well as at potential
E=−0.430 V for the strain rates
c dε/dt=5×103 s−1 and
d dε/dt=5×104 s−1

Fig. 4 A frequency–strain plot for the stationary potential record
obtained during the tensile test of AA5251 alloy (dε/dt=5×103 s−1);
analysis using the short-time Fourier transformation with Hanning
window
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for the anodic polarization E=−0.430 V and for the strain
rates dε/dt=5×103 s−1 and dε/dt=5×104 s−1, respectively.

Presented DEIS impedantiograms show a significant
change of impedance during the tensile test. In each case,

there is a rapid change of impedance beyond ε=0.05.
Capacitive character of the spectra (almost straight lines)
changes into the form suggesting an activation control of
the process (spectra in the form of semicircles). The
capacitive character is very similar in case of all the
spectra. In this strain range, a stable passive state can be
observed; changes occur for higher strain values. From the
DEIS measurements it is evident that for higher levels of
polarization the size of the impedance semicircles (for high
strain values) decreases with an increase in anodic
polarization (Fig. 5a and b). It indicates cracking of the
passive layer and the influence of anodic polarization level
on kinetics of dissolution of the investigated alloy. Similar
conclusions can be drawn when the strain rate is a variable
parameter. For higher strain rates, a dynamics of surface
area change is higher and, accordingly, the kinetics of
electrochemical processes increases (Fig. 5c and d). Anodic
polarization and strain rate do not have an influence on the
passive range, which is observed up to ε=0.05. Equivalent
circuit proposed by Lee [36], Bessone et al. [37] and Brett
et al. [38] has been employed in Fig. 6a. Some parameters
presented in Fig. 6a should be defined: R1—the electrolyte
resistance, R2—the resistance of internal sublayer of

Fig. 6 Original (a) and applied (b) equivalent circuits used in
electrochemical analysis of impedance spectra recorded for AA5251
aluminum alloy

Fig. 7 Electrochemical parameters of AA5251 alloy received on the basis of employed equivalent circuit versus strain under various potential
conditions: E=x symbol −0.390 V, open circle −0.430 V, open square −0.460 V, open upright triangle − 0.525 V for the strain rate dε/dt=5×103 s−1
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examined passive film/resistance of porous passive film in
the active state, C1—the capacitance of internal sublayer of
examined passive film/capacitance of porous passive film
in the active state, R3—the resistance of external sublayer
of examined passive film/charge transfer resistance in the
active state, C2—the capacitance of external sublayer of
examined passive film/double layer capacitance in the
active state, R4—the adsorption resistance of transition
product; L, inductance. However, the calculation of R4 and
L was not possible because of applied frequency range,
these parameters can be determined only for low frequen-
cies. Therefore, the employed equivalent circuit was
simplified in the form illustrated in Fig. 6b.

Figure 7a–d shows the dependencies between particular
parameters of the equivalent circuit and strain for different
levels of anodic polarization E=−0.390, −0.430, −0.460,
−0.520 V and for the strain rate dε/dt=5×103 s−1.

The changes of particular electrical parameters reveal
certain characteristic regularity. Up to the strain value ε=
0.02–0.04, all the parameters are stable, it means they do
not depend on strain. The values of resistances R2 and R3

are high, which confirms the presence of a tight oxide layer
and stable passive state. Above ε=0.02–0.04, there is a

significant dynamics of changes, reflected in big differences
in impedance (Fig. 7). Resistance of both sublayers R2 and
R3 decreases due to cracking of the passive layer.
Capacitances C1 and C2 also change. Beyond ε=0.04 they
both increase, most probably because of water absorption.
It confirms the hypothesis about mechanical cracking of the
passive layer. Significant differentiation of the parameters
as a function of anodic polarization potential is detected for
higher values of strain. It is especially clear for the
resistance R3 (Fig. 7d). In the active state, which is for the
strain higher than ε=0.02–0.04, this parameter describes
charge transfer resistance. So, for higher values of anodic
polarization, there is bigger decrease in R3. For significant
strain ε>0.10, the resistance R3 does not undergo dynamic
changes.

Figure 8a–d presents the dependencies between particu-
lar parameters of the equivalent circuit and strain for the
anodic polarization E=−0.430 V and for the following strain
rates dε/dt=1×102 s−1, 5×103 s−1, 1×103 s−1, 5×104 s−1.

The characteristics presented in Fig. 8 enable evaluation
of the influence of different strain rate on the electrochem-
ical processes proceeding on a surface of the samples
subjected to the tensile test. The magnitudes of particular

Fig. 8 Electrochemical parameters of AA5251 alloy received on the basis of employed equivalent circuit versus strain for various strain rates: dε/
dt=x symbol 1×102 s−1, open circle 5×103 s−1, open square 1×103 s−1, open upright triangle 5×104 s−1 for the potential E=−0.430 V
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electrical parameters and dynamics of their changes are
comparable to the ones presented previously (Fig. 7).
Cracking of the passive layer occurs for the strain higher
than ε=0.02–0.04, just in the previous cases. In the active
range, an increase in the strain rate has a similar impact on
electrochemical process as the increase in anodic polarization.

Based on the performed measurements some discrep-
ancies can be noticed as far as evaluation of the critical
strain is concerned, for which passive layer cracking was
observed. According to the stationary potential measure-
ments (Fig. 2b) and to the resistance R3 course (Figs. 7d
and 8d), this critical strain was equal to ε=0.02. Based on
evolution of the remaining parameters, cracking of the
passive layer occurred for ε=0.04. Such difference in the
critical strain value should be interpreted as a delay in an
initiation of the electrochemical processes of aluminum
dissolution. Detailed analysis of this problem has been
presented in the previous paper [35].

The critical value of strain ε=0.02, for which cracking of
the passive layer was detected (based on stationary
potential measurements and resistance R3 analysis), was
overlapped with the stress–strain curve presented in Fig. 2a
(indicated with a circle on the plot). It is evident that
passive layer cracking occurs in the elastic range. Thus, it is
likely that passive layer cracking will appear in the range of
exploitation loads, what as a consequence can result in
stress-corrosion cracking of the material.

Conclusions

Combined electrochemical and mechanical investigations
allow stating the following conclusions:

& Tensile process and simultaneous exposure to an
electrochemical environment result in significant
changes of surface state of the samples.

& A stable passive state is observed at the beginning of
the tensile test. The values of electrochemical parame-
ters do not depend on the level of anodic polarization
and on the strain rate.

& Analysis of the electrochemical properties based on the
potential measurements and DEIS investigations
revealed that mechanical damage of the passive layer
occurs for the strain value lying within the elastic range.

& After the passive layer cracking, on the active surface
there proceed some electrochemical processes, the rate
of which depends on the level of anodic polarization as
well as on the strain rate.

& An influence of the PLC effect on the electrochemical
properties was observed in the plastic range. There
exists a correlation between frequency characteristic of
the registered potential and magnitude of strain.

Instantaneous change of surface area, due to the PLC
effect, has an impact on changes of potential.

& Proposed methodology is a new approach to analysis of
complex electrochemical phenomena, which occur
during the tensile process.
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