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ELECTROCHEMICAL CHARACTERIZATION OF AZ31
MAGNESIUM ALLOY TREATED BY ULTRASONIC IMPACT

PEENING (UIP)

Electrochemical characteristics of AZ31 magnesium alloy after impacting by ultrasonic impact peening (UIP) were measured in order to

evaluate its effect on corrosion resistance of mentioned alloy. For this purpose, potentio-dynamic polarization (PD) tests and electrochemical
impedance spectroscopy (EIS) of ground and impacted samples were performed in 0.1 M NaCl solution at the temperature of 22+2 °C after
5 minutes of potential stabilization. The obtained PD curves were analysed using the Tafel extrapolation method and data from EIS mea-
surements in form of Nyquist plots were quantified by the equivalent circuit method. The results showed clearly that application of the UIP
significantly deteriorated corrosion resistance of AZ31 alloy in the chosen testing solution.
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1. Introduction

Despite of all the well-known convenient properties of
magnesium and its alloys, such as low weight, highest specific
strength of all metal materials, good damping capacity etc., their
applications are still not widely spread due to the insufficient
corrosion performance [1], [2], [3], [4], [5]. Generally it is
proposed that this derogation is caused by synergic effect of
negative standard potential value (-2.36 V vs. SHE), impurities
(Fe, Ni, Cu,...), which leads to a micro galvanic effect and
non-protective quasi-passive film based on magnesium oxide or
hydroxide depending on the nature of environment [6], [7],
[8]. This surface film is stable only in highly alkaline solutions
[9], [10]. Magnesium and its alloys exhibit strange behaviour
during the anodic polarisation called the negative difference
effect (or according to the latest researches it is better to call it
“anomalous hydrogen evolution”), which is represented by the
hydrogen evolution (HE) during the anodic reaction [11], [12],
[13]. Normally, hydrogen evolution is an accompanying feature
of cathodic reaction during the corrosion of metals so there is an
intense effort to explain this strange behaviour [14], [15], [16].
Nowadays, researches are focused on increasing of corrosion
resistance of Mg alloys by preparation of resistant barrier e.g.
coatings, plating or by modification of surface characteristics
[17], [18], [19]. Recent works, aimed at application of ultrasonic
impact peeing (UIP), propose that this technique has a positive
effect on mechanical properties of various materials (steels, Co
and Ti alloys and welded materials, etc.), increase the fatigue
characteristics and also enhance their corrosion resistance. Due
to those pros, the UIP has become a common technology in
automotive and civil engineering. Its main principle is represented
by deformation of surface by impacts with ultrasonic frequency,
which induce favourable compressive residual stresses and
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decrease harmful tensile stresses in a surface layer. The more
detailed description of this method could be found elsewhere
[20], [21], [22], [23], [24].

To our best knowledge, the extensive research on influence
of the UIP application on corrosion properties (and also on
mechanical properties) of magnesium alloys has not been done
yet. Therefore, the aim of this contribution is to compare
electrochemical characteristics of AZ31 magnesium alloy before
and after the UIP by means of potentio-dynamic polarization tests
and electrochemical impedance spectroscopy in sodium chloride
solution and thus evaluate its effect on corrosion resistance of
this alloy.

2. Experimental material and methods

The AZ31 magnesium alloy has been prepared by continual
casting and subsequently heat treated by homogenizing at
temperature of 420 °C for 16 hours. Chemical composition
of AZ31 Mg alloy (Table 1) has been obtained by the EDXRF
analysis on ARL QUANT X EDXRF Spectrometer. In order to
evaluate the microstructure of the material, samples have been
ground by an emery paper p1000, then polished by polishing discs
MD Dac and MD Chem using proper polishing emulsions on
Struers Tegramin-30 machine. Samples have been etched for 10
seconds by etchant composed of picric acid, acetic acid, ethanol
and water [ 18], [25]. The microstructure has been observed using
the ZEISS Axio Imager.Z1M light optical microscope.

The ultrasonic impact peening (UIP) has been performed
using the CNC mill with mounted ultrasonic impact head (see
Figure 1), equipped with a cooling system, which kept the
constant temperature during impacting. The samples have been
ground by an emery paper pl000 to obtain the uniform surface
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Table 1 Chemical composition of AZ31 magnesium alloy

Component Al Zn Mn Si Cu Fe Mg
wt. % 3.31 0.65 0.23 0.114 0.004 0.001 balance
CPE
Rn
R,
CPE,
Ry >
CPE,
Re >
Ry

Figure 1 Ultrasonic impact head

roughness before application of the UIP. The parameters of the
UIP process have been set as follows: pressure force of 85 N,
ultrasonic frequency of 20 kHz and the treatment time has been
5 minutes.

To observe influence of the UIP on surface of AZ3I,
photo documentation of ground and the UIP treated samples
have been created by the stereomicroscope OLYMPUS SZX16
and supported by documentation of the cross-section view
made by the ZEISS Axio Imager.Z1M light microscope with
corresponding software.

With the aim to evaluate the corrosion resistance,
electrochemical characteristics of ground samples and samples
treated by the UIP have been measured by electrochemical
impedance spectroscopy (EIS) and potentio-dynamic polarization
(PD) tests. All of the experiments have been carried out in 0.1 M
NaCl [26] at the temperature of 22 + 2 °C on potentiostat VSP
Biologic SAS, using the three electrode cell system with following
configuration: AZ31 - working electrode, Pt electrode - counter
electrode, saturated calomel electrode - reference electrode
(+0.2446 V vs. SHE). The stabilization of potential between the
working electrode and electrolyte has been set on 5 minutes for
both EIS measurements and PD tests. The software EC Lab
V10.34 has been used for analysis of data obtained by all the
mentioned electrochemical techniques.

During the EIS measurements, amplitude of applied voltage
has been set to 15 mV and the frequency ranged from 100 kHz
to 10 mHz with change of 10 points per decade. The average
value of voltage has been set on open circuit potential value [27].
The measured curves have been plotted in the shape of Nyquist
diagrams. Those diagrams have been quantitatively described by
the equivalent circuit method. The equivalent circuits used for
the analysis are shown in Figure 2. Circuit represented in Figure
2 (left) has been used for the Nyquist plots with one capacitance
loop and describes situation with homogenous conditions on
the surface. Figure 2 (right) shows the equivalent circuit used
for analysis of Nyquist diagram with two capacitance loops and
interprets occurrence of locations with different electrochemical
behaviour. For the correct interpretation of the Nyquist diagrams

Figure 2 Equivalent circuits for diagrams with one capacitance loop (up)
and two capacitance loops (down)

it is important to know the meaning of the circuit components.
Solution resistance is represented by the R, component and
the CPE is a constant phase element, which replaces capacitor
in the circuit and describes the heterogeneity of electrode ‘s
surface. The component Rp is called the polarization resistance
of sample/electrolyte interface. If the Nyquist plot is composed of
two capacitance loops, final polarization resistance will be given
by the sum of partial polarization resistances Rpl and sz [28].
Their interpretation depends on the particular system and will be
explained in the discussion part.

Potential, ranged from -200 mV to +500 mV, has been applied
on the AZ31 samples with the rate of 1 mV.s! during the PD tests.
The range of potentials have been set with respect to open circuit
potential [18]. The measured data of PD tests are represented by
potentiodynamic polarization curves which have been analysed by
the Tafel extrapolation method in order to obtain electrochemical
characteristics e.g. corrosion potential E_, corrosion current
density i__and calculated corrosion rate r, .

3. Results and discussion

The AZ31 alloy’s microstructure (Figure 3) consists of
polyhedral grains of solid solution of aluminium, zinc and other
alloying elements in magnesium. Intermetallic phase Mg Al ; is
localised along the grain boundaries. There are also areas of twins
caused by the deformation during the cutting and preparation of
samples.

The difference between the ground surface and surface after
the impact treatment can be observed from the documentation
shown in Figure 4. Application of ultrasonic impacts has caused
deformation of the surface and subsequently increased reactivity,
which has led to the accelerated formation of film on the sample ‘s
surface. According to nature of the UIP process and surrounding
environment, it can be assumed that the main constituent of the
film is MgO with small amount of Mg(OH), as the environment
has certain amount of moisture [9], [10]. It has to be kept in
mind that constituents from the cooling system could be present,
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Figure 4 Surfaces of ground (upper left) and UIP influenced samples (upper right) with cross sectional view of ground (left bottom)

and UIP surface (right bottom)

as well. According to literature, the thickness of such a film is in
nanoscale range and thus it is difficult to observe it by the light
microscopy [29]. The exact chemical composition of the film is
going to be examined by XPS analysis in further research studies.
As can be seen from the UIP influenced surface and from the
cross- sectional views, several defects and holes are introduced to
the surface. This kind of defects increases electrochemically active
area, which is in contact with environment and could negatively
affect corrosion performance of Mg parts [30].

The Nyquist diagrams as results of the EIS measurements
in 0.IM NaCl, for ground samples and the UIP influenced

samples, are displayed in Figure 5. Values of electrochemical
characteristics obtained by equivalent circuit analysis are listed
in Table 2. As can be seen, diagram of ground samples consists
of two capacitance loops and diagram of the UIP samples is
created by one capacitance loop, which pointed to different
electrochemical behaviour. In the case of ground samples, high
capacitance loop represented by value of Rpl describes resistance
of the corrosion product barrier (Mg(OH),and MgCl, considering
testing electrolyte) created on the surface while exposed to the
solution. The low capacitance loop represented by value sz, is
analysed as charge transfer resistance of the surface/electrolyte
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Table 2 Electrochemical characteristics obtained by EIS measurements in 0.IM NaCl

R, R R
pl p2 P
(Q.cm?) (Q.cm?) (Q.cm?) (Q.cm?)
Ground AZ31 124+6 1270423 919+14 2189+37
UIP AZ31 13549 68+7 68+7
Table 3 Electrochemical characteristics obtained by PD tests of in 0.IM NaCl
ECOH' iCOH’ ﬁa ﬁC rcorr
(mV) (uA/cm?) (mV/dec.) (mV/dec.) (mm/year)
Ground AZ31 -1508+20 18£1.1 7616 1319 0.8£0.03
UIP AZ31 -1433+17 98+6.4 193+11 205+21 4.5+0.7
600 5
o0, AZ31 after UIP
500 < L] . @ non-reated AZ31
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Figure 5 Nyquist plots of ground and UIP influenced samples measured 2 : :
in 0.IM NaCl 18 17 16 15 14 13 12 1.1 10
E (V) vs. SCE

interface. Diagram of UIP samples consist of one capacitance
loop. It indicates homogenous conditions on the surface during
the exposition. The polarization resistance of these samples is
represented by charge transfer resistance of sample/electrolyte
interface. According to shape of diagrams for both states it can
mentioned that degradation mechanism is under charge transfer
control [31]. Final values of polarization resistance Rp shown in
Table 2 point to significant difference between the ground and
UIP samples. The ground samples have reached the polarization
resistance value of 2189 Q.cm? and UIP samples have reached Rp
of 68 Q.cm? which is difference of more than 32-times. It means
that application of UIP on AZ31 has led to significant reduction
of corrosion resistance as the polarization resistance is in direct
relation with corrosion performance.

The PD tests have been performed in 0.IM NaCl to
obtain information about corrosion thermodynamics (corrosion
potential E ) and kinetics (corrosion current density i) of
samples. Potentiodynamic polarization curves of ground and
UIP samples are shown in Figure 6 and corresponding values of
electrochemical characteristics are stated in Table 3. The UIP
samples have reached the E _ value of -1433 mV. This value is
more positive compared to value of ground samples (-1508 mV).
Despite small potential difference, results point to slightly higher
thermodynamic nobility of UIP samples compared to ground
samples. In terms of corrosion kinetics, the UIP samples have
reached more than 5-times higher value of corrosion current
density (98 pA/em?) in comparison to value reached by ground
samples (18 pA/em?). Current density is in direct proportionality

Figure 6 Potentiodynamic polarization curves of ground and UIP
influenced samples measured in 0.IM NaCl

with corrosion rate and it means that also corrosion rate r,
is higher in case of UIP samples as it mentioned in Table 3.
On the one hand UIP samples show better performance from
thermodynamic point of view but on the other hand UIP samples
are worse regarding corrosion kinetics. It has to be noted that
corrosion of magnesium and its alloys is mainly driven by its
kinetics hence the UIP has negatively influenced corrosion
resistance of chosen alloy [10], [12]. These results are in good
agreement with values obtained by EIS measurements.

It has to be bear in mind that there is possibly number
of reasons which could influence corrosion process and their
combination have led to worse corrosion resistance of UIP
samples. According to the several authors, the film created
on the surface (with composition mentioned above) provide
a corrosion protection only in highly alkaline environment and
thus is not able to protect Mg alloy for sufficient time in acidic
and neutral solutions [9], [10], [29]. Furthermore, if CI ions are
presented in solution, this film is broke down after short period
and corrosion of underneath substrate takes place [12], [29].
The presence of quasi passive film can be also proved by shift
of corrosion potential to more positive values. Another factor is
that application of UIP leads to the creation of defects (enlarged
active surface) and to inducing dislocation and vacations. The
surface of samples became highly electrochemically active and
thus formation of corrosion products barrier, which could slow
down the degradation, becomes more complicated compared to
ground samples which have reached better corrosion resistance
[30], [31].
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4. Conclusion mYV), although improvement is not significant. However
corrosion kinetics became worse as the UIP samples reached
Based on the performed experiments, measurements and more than 5-times higher value of corrosion current density
analysis of results, these conclusions can be stated: i 98 pA/em? vs. 18 pA/em?) and higher corrosion rate I
e Application of ultrasonic impact peening led to the creation compared to the non-treated samples.
of surface film and defects on the surface of AZ31 magnesium
alloy.

e Samples after UIP reached more than 32-times lower value of ~ Acknowledgement
polarization resistance in 0.1M NaCl (68 Q.cm?) compared to
value of Rp reached by ground samples (2189 Q.cm?). The research was supported by project ITMS 26220220048
e UIP improved thermodynamic stability of AZ31 as the and by Scientific Grant Agency of the Ministry of Education,
corrosion potential values of treated samples reached more  Science, Research and Sport of the Slovak Republic under the
positive E_ (1433 mV) compared to ground ones (-1508  contract VEGA no. 1/0045/17.
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