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Nowadays most of the automobiles use magnesium alloys in the components of the engine

coolant systems. These engine coolants used are mainly composed of aqueous ethylene

glycol along with some inhibitors. Generally the engine coolants are contaminated by envi-

ronmental anions like chlorides, which would enhance the rate of corrosion of the alloys

used  in the coolant system. In the present study, the corrosion behavior of Mg–Al–Zn–Mn

alloy  in 30% (v/v) aqueous ethylene glycol containing chloride anions at neutral pH was

investigated. Electrochemical techniques, such as potentiodynamic polarization method,

cyclic polarization and electrochemical impedance spectroscopy (EIS) were used to study

the  corrosion behavior of Mg–Al–Zn–Mn alloy. The surface morphology, microstructure and

surface composition of the alloy were studied by using the scanning electron microscopy

(SEM), optical microscopy and energy dispersion X-ray (EDX) analysis, respectively. Elec-

trochemical investigations show that the rate of corrosion increases with the increase in

chloride ion concentration and also with the increase in medium temperature.
©  2016 Brazilian Metallurgical, Materials and Mining Association. Published by Elsevier

Editora Ltda. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

and excellent damping characteristics of magnesium alloys
.  Introduction

n recent years, magnesium alloys have inspired a great inter-
st as eco-friendly structural materials for automobiles and
ircrafts due to their properties like high strength to weight
Please cite this article in press as: Medhashree H, Shetty AN. Electrochemi
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atio, low cost of production, ease of machinability, high
amping capacity, castability, weldability and recyclability

1,2]. Apart from these well-known applications, magnesium
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alloys find their utility as orthopedic biomaterials because
of their non-toxicity, lighter density than implant materials,
greater fracture toughness compared to hydroxyapatite, sim-
ilar elastic modulus and compressive yield strength values as
that of natural bone and good biocompatibility. Lightweight
cal corrosion study of Mg–Al–Zn–Mn alloy in aqueous ethylene glycol
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make them a popular material choice in sport equipments.
Magnesium alloys have great heat transfer property, ability
to shield electromagnetic interference and radio frequency

iation. Published by Elsevier Editora Ltda. This is an open access
enses/by-nc-nd/4.0/).

dx.doi.org/10.1016/j.jmrt.2016.04.003
dx.doi.org/10.1016/j.jmrt.2016.04.003
http://www.jmrt.com.br
http://www.sciencedirect.com/science/journal/00000000
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:nityashreya@gmail.com
dx.doi.org/10.1016/j.jmrt.2016.04.003
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


ARTICLE IN PRESSJMRTEC-213; No. of Pages 10

o l . 2 
2  j m a t e r r e s t e c h n 

interference, etc., making them promising materials for elec-
tronic applications [3]. But the poor corrosion resistance is
their limitation in complete utilization. The poor corrosion
resistance is due to the less protective hydroxide film formed
on the surface, which is having Pilling–Bedworth ratio ∼0.81
and also due to the presence of secondary phase which leads
to galvanic corrosion [4,5].

Magnesium alloys are mainly classified into two major
alloying systems. The alloys containing aluminum (2–10%)
with minor addition of zinc and manganese, find applica-
tions in the temperature range of 95–125 ◦C. The second
group of alloys containing various elements such as rare
earths, zinc, thorium and silver, but not aluminum, have
improved elevated temperature properties compared to the
alloys which contains aluminum as major alloying element
[6]. The most widely used Mg–Al alloy is Mg–Al–Zn–Mn alloy
containing minor addition of Zn and Mn.  Aluminum increases
the corrosion resistance property of the alloy by altering
the composition of the hydroxide film formed on the sur-
face. Zinc increases the tolerance limit of iron, copper and
nickel. Similarly, manganese improves the corrosion resis-
tance property of the alloy, as well as it reduces the effect
of impurities when their tolerance limits were exceeded.
The influence of 14 different elements on the corrosion
behavior of magnesium alloy in salt water was studied by
Hanawalt et al. and it was discovered that Fe, Co, Ni and Cu
had a profound accelerating influence on the corrosion behav-
ior [1]. Considerable amounts of research have been carried
out for improving the corrosion resistance property of the
magnesium alloy by adding various elements and by different
techniques [7–12].

The reports are available in the literature on the cor-
rosion behavior of magnesium alloys in various aqueous
media containing different concentration of sodium chlo-
ride, sodium borate buffer, sodium sulfate, acidic, neutral and
basic buffer, sodium bicarbonate, simulated biological fluid,
etc. [2,13–20]. But a very few investigations are available in
aqueous organic medium like ethylene glycol, which finds
significance in automotive industries. Nowadays, most of the
automotive industries use magnesium alloys in engine cooling
system components and the major composition of conven-
tional coolant is 30 vol% to 70 vol% ethylene glycol. Corrosion
of engine components by the coolant is a major issue in auto-
motive industries. Song and St. John have reported the studies
on the corrosion behavior of pure magnesium in ethylene gly-
col solution. They have explained the effect of NaCl, NaHCO3

and Na2SO4 on the corrosion behavior of pure magnesium
[21]. Slavcheva and Schmitt have investigated the corrosion
behavior of AZ91 magnesium alloy in 50 wt.% aqueous ethyl-
ene glycol by electrochemical methods [22]. Electrochemical
corrosion behavior of AZ91D alloy in 30% aqueous ethylene
glycol and the effect of NaCl and NaF were studied by Fekry
and Fatayerji using potentiodynamic polarization and electro-
chemical impedance measurements [23]. Huang et al. have
studied the galvanic corrosion behavior of GW103 and AZ91D
alloy in ethylene glycol solution at ambient and elevated tem-
Please cite this article in press as: Medhashree H, Shetty AN. Electrochemi
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peratures [24]. Slavcheva et al. have investigated the effect of
chloride ions in 50 wt.% aqueous solution of ethylene glycol
on the corrosion behavior of AZ91 magnesium alloy [25]. In the
present study it is intended to investigate the effect of chloride
0 1 6;x  x x(x x):xxx–xxx

ions concentration and temperature on the corrosion behav-
ior of Mg–Al–Zn–Mn alloy in 30% (v/v) aqueous ethylene glycol
using electrochemical corrosion monitoring techniques.

2.  Experimental

2.1.  Material  and  medium

The specimen under study, the Mg–Al–Zn–Mn alloy, was ana-
lyzed by atomic absorption spectroscopy (AAS TIFAC GBC 932
plus) and it has the composition as listed in Table 1. Cylindri-
cal test coupon was mounted in epoxy resin to get a constant
exposed area of 0.834 cm2. This exposed area was ground by
using emery papers of different grade (600–2000). After grind-
ing with emery papers, the surface was polished on a polishing
wheel using legated alumina as abrasive to get a mirror finish.
Then the specimen was washed with double distilled water
and degreased with acetone. The specimen was dried properly
before immersing in the corrosive medium.

Analytical grade sodium chloride, double distilled water
and analytical grade ethylene glycol were used to prepare the
electrolyte medium of 30% (v/v) aqueous ethylene glycol solu-
tion containing 2 mM,  4 mM,  6 mM,  8 mM and 10 mM chloride
anions. All the experiments were carried out in a calibrated
thermostat at temperatures of 30 ◦C, 35 ◦C, 40 ◦C, 45 ◦C and
50 ◦C (±0.5 ◦C) under unstirred conditions.

2.2.  Electrochemical  measurements

An electrochemical work station, Gill AC having ACM instru-
ment Version 5 software was used for all the electrochemical
measurements. Conventional three electrodes compartment
Pyrex glass cell with platinum as counter electrode, satu-
rated calomel electrode as reference and Mg–Al–Zn–Mn alloy
as working electrode were used. The polarization studies
were carried out immediately after the EIS studies on the
same exposed electrode surface without any additional sur-
face treatment.

2.2.1.  Potentiodynamic  polarization  studies
A steady state open circuit potential (OCP) was established by
immersing the working electrode in the medium and then it
was polarized by applying a potential drift of −250 mV  cathod-
ically and +250 mV anodically with respect to the OCP, at a scan
rate of 1 mV  s−1.

2.2.2.  Cyclic  polarization
The cyclic polarization measurements were carried out after
the attainment of steady state open circuit potential for
15 min. The electrode was subjected to a cyclic potential ramp
starting from −1.8 V to −1.3 V, and then a reverse scan from
−1.3 V to −1.8 V, both at a scan rate of 1 mV  s−1.

2.2.3.  Electrochemical  impedance  spectroscopy  (EIS)
cal corrosion study of Mg–Al–Zn–Mn alloy in aqueous ethylene glycol
16/j.jmrt.2016.04.003

studies
Impedance measurements were carried out at the open cir-
cuit potential by the application of a periodic small amplitude
of 10 mV over a wide range of frequencies from 100 kHz to

dx.doi.org/10.1016/j.jmrt.2016.04.003
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Table 1 – Composition of the Mg–Al–Zn–Mn alloy.

Element Al Zn Mn Si Cu Fe Mg
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Composition (wt.%) 8.30 0.60 0.3

.01 Hz. Nyquist plots were used to analyze the impedance
ata.

In all the above electrochemical measurements, at least
hree similar results were considered and average values have
een reported.

.3.  Surface  characterization

he surface morphology and surface composition of the
reshly polished and corroded surfaces were studied by
ecording the SEM images using JEOL JSM-6380LA analytical
canning electron microscope. The corresponding EDX spectra
ere subsequently recorded. Optical microscope Zeiss AXIO

ab. A1 was used to record the optical image  after etching
he specimen in acetic-picral. Etching reagent was prepared
y using 5 mL  of acetic acid, 6 g of picric acid, 10 mL  of water
nd 100 mL  of ethanol. The alloy surface was etched to reveal
he microstructure of the Mg–Al–Zn–Mn alloy [26].

.  Results  and  discussions

.1.  Potentiodynamic  polarization  measurements

he potentiodynamic polarization measurements for the cor-
osion of Mg–Al–Zn–Mn alloy specimen were carried out in 30%
v/v) aqueous ethylene glycol containing different concentra-
ions of chloride ions at different solution temperatures. Fig. 1
hows the potentiodynamic polarization curves for the cor-
Please cite this article in press as: Medhashree H, Shetty AN. Electrochemi
containing chloride ions. J Mater Res Technol. 2016. http://dx.doi.org/10.10

osion of Mg–Al–Zn–Mn alloy in 30% (v/v) aqueous ethylene
lycol containing different concentration of chloride ions at
0 ◦C. Similar curves were obtained at other temperatures also.

ig. 1 – Potentiodynamic polarization plots for the corrosion
f Mg–Al–Zn–Mn alloy in 30% aqueous ethylene glycol
ontaining different concentrations of the chloride ions at
0 ◦C.
0.20 0.12 0.20 Balance

From Fig. 1, it is clear that the polarization curves are shifted to
higher current density region with the increase in chloride ion
concentration. The anodic polarization curves, representing
the anodic dissolution of the magnesium alloy show inflec-
tion points characterized by two different slopes at potentials
more positive than corrosion potential. This results from some
sort of kinetic barrier effect, most probably by the deposition
of corrosion product surface film followed by its dissolution
at increased anodic overvoltage [27,28]. The cathodic polar-
ization curves are characterized with distinctly linear Tafel
regions, and they represent the hydrogen evaluation reactions
through the reduction of water [29]. The overall shapes of
the polarization curves remain the same in the presence of
different concentrations of chloride ions, which indicate no
change in the corrosion mechanism as the concentration of
chloride ions changes. The catholic polarization curves were
used to measure the electrochemical parameters by extrapo-
lating the linear Tafel regions of the curves to the OCP, as the
anodic curves do not possess distinct linear Tafel regions. The
potentiodynamic polarization parameters, such as corrosion
current density (icorr), corrosion potential (Ecorr) and cathodic
slope (bc) are tabulated in Table 2.

The corrosion rate (vcorr) was calculated using the following
Eq. (1) [30].

�corr = K  × icorr × EW
�

(1)

where, K = 0.00327 is a constant, which defines the unit of cor-
rosion rate (mm  y−1), icorr is the current density (�A cm−2), �

is the density of the specimen, EW is the equivalent weight of
the alloy, which is calculated using Eq. (2).

EW = 1∑[
ni×fi
Wi

] (2)

where fi is the weight fraction of the ith element of the alloy,
Wi is the atomic weight of the ith element of the alloy and ni

is the valence of the ith element of the alloy [30].
From Table 2 it is evident that the rate of corrosion

increases with the increase in chloride ion concentration. This
is attributed to the dissolution of the partially formed Mg(OH)2
film in the presence of chloride ions as MgCl2, which is having
more  solubility than Mg(OH)2 film [31]. Several studies have
established that chloride is an effective corrosive for magne-
sium and its alloys [2,13,19,17].

The corrosion of magnesium alloys in aqueous medium
proceeds through an electrochemical reaction between mag-
nesium and water to produce magnesium hydroxide and
cal corrosion study of Mg–Al–Zn–Mn alloy in aqueous ethylene glycol
16/j.jmrt.2016.04.003

hydrogen as per the following Eq. (3):

Mg  + 2H2O → Mg(OH)2 + H2 (3)

dx.doi.org/10.1016/j.jmrt.2016.04.003
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Table 2 – Potentiodynamic polarization and electrochemical impedance parameters for the corrosion of Mg–Al–Zn–Mn
alloy in 30% (v/v) aqueous ethylene glycol containing different concentrations of chloride ions at different temperatures.

Concentration of Cl− (mM) Temperature (◦C) Ecorr vs SCE (mV) −bc (mV dec−1) icorr (�A cm−2) �corr (mm y−1) Rhf (ohm cm2)

2

30  −1476 356 4.582 0.098 7613
35 −1466 363 5.357 0.115 6296
40 −1486 332 6.024 0.129 5273
45 −1470 370 6.786 0.146 5138
50 −1379 442 7.852 0.169 4078

4

30 −1504 282 5.947 0.128 5913
35 −1430 300 7.534 0.161 5044
40 −1452 296 8.394 0.180 4455
45 −1423 316 9.232 0.198 4025
50 −1426 343 10.215 0.219 3640

6

30 −1499 270 6.849 0.147 5762
35 −1445 279 9.531 0.205 4372
40 −1433 297 10.588 0.228 3272
45 −1420 317 11.6789 0.251 3173
50 −1428 338 12.823 0.276 3061

8

30 −1410 279 7.705 0.166 5429
35 −1440 240 10.433 0.224 4294
40 −1470 337 11.686 0.251 3178
45 −1452 302 12.011 0.258 2970
50 −1406 296 13.172 0.283 2649

10

30 −1458 286 10.093 0.217 5304
35 −1446 269 11.175 0.240 4024
40 −1416 310 12.272 0.264 3048
45 −1461 306 13.050 0.280 2853

50 −1405 

The anodic dissolution of magnesium is considered to be
proceeding through the oxidation of magnesium into mono-
valent Mg+ ions and divalent Mg2+ ions as summarized by the
following reactions, represented in Eqs. (4) and (5) [32].

Mg  → Mg+ + e− (4)

Mg → Mg2+ + 2e− (5)

The steady state working potential of magnesium is about
−1.5 V, even though the standard electrode potential of mag-
nesium is −2.38 V. The difference in potential has been
attributed to the formation of Mg(OH)2 film on the metal sur-
face [33]. The anodic dissolution of magnesium and its alloys
involves two oxidation processes as represented in Eqs. (4) and
(5). At more  active potentials around −2.78 V (vs SCE) magne-
sium is oxidized to monovalent magnesium ion and at slightly
higher potentials of −1.56 V (vs SCE) oxidation to divalent mag-
nesium ion takes place in parallel with the former oxidation
[34]. As the monovalent magnesium ion is unstable, under-
goes oxidation to divalent magnesium ion through a series
of reactions involving unstable intermediates like magnesium
hydride as shown in Eqs. (6)–(9) below:

Mg+ + 2H+ + 3e− → MgH2 (6)
Please cite this article in press as: Medhashree H, Shetty AN. Electrochemi
containing chloride ions. J Mater Res Technol. 2016. http://dx.doi.org/10.10

MgH2 + 2H2O → Mg2+ + 2OH− + 2H2 (7)

Mg2+ + 2OH− → Mg(OH)2 (8)
339 15.370 0.330 2686

2Mg+ + 2H2O → Mg2+ + Mg(OH)2 + H2 (9)

Mg–Al–Zn–Mn alloys are dual phase alloys with a typical
microstructure of having a primary �-phase and a divorced
eutectic �-phase, distributed along the grain boundaries [35].
The �-Mg matrix is �-Mg–Al–Zn solid solution with the same
crystal structure as pure magnesium and the �-phase is with
a composition of Mg17Al12. They are also found to have inter
metallic inclusions of MnAl2 [2]. The �-Mg  matrix with a very
negative free corrosion potential acts as anodic with respect
to the �-phase of Mg17Al12, undergoes corrosion by micro
galvanic coupling between anodic �-Mg  phase and cathodic �-
Mg17Al12 phase [7,36–41]. However, the �-Mg17Al12 phase may
act as a barrier against corrosion propagation if it is in the
form of a continuous network [37,38]. The corrosion of the
alloy in the aqueous ethylene glycol media in the presence
of chloride ions indicates the discontinuities in the �-phase.
According to the results published in the literature, mag-
nesium alloys exhibit higher corrosion resistance than pure
magnesium [16]. The improvement of the corrosion behav-
ior of Mg alloys in the presence of alloying elements has
been attributed to a number of factors such as refining of the
�-phase and formation of more  continuous network, suppres-
sion of �-phase formation by forming another intermetallic,
which is less harmful to the �-Mg  matrix, and incorpora-
tion of the added elements into the protective film and thus
cal corrosion study of Mg–Al–Zn–Mn alloy in aqueous ethylene glycol
16/j.jmrt.2016.04.003

increasing its stability [9,42,43]. Small additions of Mn  have
been reported to increase the corrosion resistance of mag-
nesium alloys and reduce the effects of metallic impurities
[44,45].

dx.doi.org/10.1016/j.jmrt.2016.04.003
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Fig. 2 – Cyclic polarization curve for the corrosion of
Mg–Al–Zn–Mn alloy in 30% (v/v) aqueous ethylene glycol
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Fig. 4 – Nyquist plots for the corrosion of Mg–Al–Zn–Mn
alloy in 30% (v/v) aqueous solution of ethylene glycol
ontaining 4 mM chloride ions at 30 ◦C.

.2.  Cyclic  polarization

he cyclic polarization curves are generally used to study
he pitting corrosion in corrosive environment. The forward
can represents the polarization behavior of the non-corroded
reas, while the reverse scan is associated with the corroded
reas [46]. The cyclic polarization curve for the corrosion of
g–Al–Zn–Mn alloy in 30% (v/v) aqueous ethylene glycol con-

aining 4 mM chloride ions at 30 ◦C is as shown in Fig. 2. The
orrosion potential on the forward scan is −1.564 V and that
n the reverse scan is −1.579 V. The corrosion potential on the
everse scan is more  negative than the forward scan, which
ndicates that corroded area still acts as anode for further
alvanic corrosion and protects the non-corroded area as cath-
de, resulting in accelerated corrosion in the corroded area,
ausing the formation of pits [47]. The formation of visible pits
n the surface of the alloy is as shown in Fig. 3.
Please cite this article in press as: Medhashree H, Shetty AN. Electrochemi
containing chloride ions. J Mater Res Technol. 2016. http://dx.doi.org/10.10

.3.  Electrochemical  impedance  spectroscopy  (EIS)

lectrochemical impedance spectroscopy is a non-destructive
echnique which provides minimal perturbative signal and

Fig. 3 – Optical photos of Mg–Al–Zn–Mn alloy surface (a) bef
containing different concentration of chloride ions at 40 ◦C.

can be used to study the response of corroding electrodes to
small amplitude alternating potential signals of largely vary-
ing frequencies [48]. Fig. 4 shows the Nyquist plots for the
corrosion of Mg–Al–Zn–Mn alloy in 30% (v/v) aqueous eth-
ylene glycol containing different concentrations of chloride
ions at 40 ◦C. Similar plots were obtained at other tempera-
tures also. The Nyquist plots consist of two  capacitive loops
at higher and medium frequencies and the beginning of an
inductive loop at lower frequency region. The high frequency
capacitive loop is attributed to the charge transfer of corro-
sion process and oxide film effects. The medium frequency
capacitive loop represents mass transport as a consequence
of diffusion or electrolyte ingress through corrosion product.
The lower frequency inductive loop represents the relaxation
of adsorbed species like Mg(OH)+ and Mg(OH)2 adsorbed at
the metal surface [49–51]. Song and Xu have suggested that
the medium frequency capacitive loop represents the com-
bination of pseudo resistance and capacitance of the film
formation and dissolution process [52]. From Fig. 4, it is clear
cal corrosion study of Mg–Al–Zn–Mn alloy in aqueous ethylene glycol
16/j.jmrt.2016.04.003

that the diameter of the capacitive loop decreases with the
increase in the concentration of chloride ions, indicating an
increase in the corrosion rate with the increase in chloride ion
concentration in the corrosion medium.

ore cyclic polarization and (b) after cyclic polarization.

dx.doi.org/10.1016/j.jmrt.2016.04.003
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Fig. 5 – Equivalent electrical circuit used for the simulation

Cdl = ε

4�d
(12)
of experimental impedance data points.

The equivalent circuit models derived by simulating the
electrochemical behavior of the alloy-medium interface help
in the best understanding of the impedance results. The cir-
cuit fitment for the obtained results was done by ZSimpWin
software of version 3.21. The impedance data points neglect-
ing the low frequency inductive loop, can be analyzed using an
equivalent electrical circuit (EEC) as shown in Fig. 5. The simu-
lation of impedance data points is presented in Fig. 6. The high
frequency response can be simulated by a series of two par-
allel resistances – constant phase element (R-CPE) networks:
the charge transfer resistance (Rct) in parallel with the double
layer CPE (Qdl) and the resistance of the surface film (Rf) in par-
allel with the film CPE (Qf). The resistance (Rdif) and CPE (Qdif)
associated with diffusion are assigned to the middle frequency
response [53]. The constant phase element (Qdl) is substituted
for the ideal capacitive element to give a more  accurate fit, as
Please cite this article in press as: Medhashree H, Shetty AN. Electrochemi
containing chloride ions. J Mater Res Technol. 2016. http://dx.doi.org/10.10

only by the introduction of constant phase element the lack
of homogeneity and even porosity of the electrode surface can
be accounted [9].

Fig. 6 – Simulation plot for the corrosion of Mg–Al–Zn–Mn alloy i
ions at 45 ◦C.
0 1 6;x  x x(x x):xxx–xxx

The impedance of the constant phase is given by the fol-
lowing Eq. (10):

ZQ = Y−1
0 (jω)−n (10)

where Y0 is the CPE constant, j is the imaginary number
(j2 = −1), ω is angular frequency and n is CPE exponent, which
measures the heterogeneity or roughness of the surface. The
value of n = 1 for ideal capacitor, n = −1 for ideal inductor and
n = 0 for ideal resistor.

The capacitance and CPE are related by the following Eq.
(11):

C = Y0(ωn
m)n−1 (11)

where ωn
m is the frequency at which the imaginary part of the

impedance (Z//) has a maximum value.
The collective resistance associated with the high fre-

quency loop (Rhf) is inversely related to the corrosion rate
[54,55]. The values of Rhf for the corrosion of the alloy are listed
in Table 2. It is evident from Table 2 that the corrosion rate
increases with the increase in the concentration of chloride
ions as indicated by the reduction in the Rhf values.

The capacitance of the double layer is related to the thick-
ness of the double layer by the Helmholtz model Eq. (12):
cal corrosion study of Mg–Al–Zn–Mn alloy in aqueous ethylene glycol
16/j.jmrt.2016.04.003

where Cdl is the capacitance, ε is local dielectric constant and
d is thickness of double layer [17].

n 30% aqueous ethylene glycol containing 4 mM chloride

dx.doi.org/10.1016/j.jmrt.2016.04.003


ARTICLE IN PRESSJMRTEC-213; No. of Pages 10

j  m a t e r r e s t e c h n o l . 2 0 1 6;x  x x(x  x):xxx–xxx 7

Fig. 7 – Potentiodynamic polarization plots for the corrosion
of Mg–Al–Zn–Mn alloy in 30% aqueous ethylene glycol
containing 6 mM chloride ions at different temperatures.
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Fig. 9 – Arrhenius plots for the corrosion of Mg–Al–Zn–Mn
alloy in 30% (v/v) ethylene glycol containing different
concentration of chloride ions at different temperatures.
.4.  Effect  of  temperature

he effect of temperature on the corrosion of Mg–Al–Zn–Mn
lloy was studied by measuring the corrosion rate at differ-
nt temperatures in the range of 30–50 ◦C at an increment of
◦C. Fig. 7 shows the potentiodynamic polarization curves for

he corrosion of Mg–Al–Zn–Mn alloy in 30% aqueous ethylene
lycol containing 6 mM chloride ions at different tempera-
ures. Fig. 8 represents the Nyquist plots for the corrosion of
g–Al–Zn–Mn alloy in 30% (v/v) aqueous solution of ethylene

lycol containing 4 mM chloride ions at different tempera-
ures. Similar plots were obtained in the presence of other
oncentrations of chloride ions also. From Fig. 7 it is seen
hat the polarization curves shifts to the higher current den-
Please cite this article in press as: Medhashree H, Shetty AN. Electrochemi
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ity region with the increase in temperature. In Fig. 8 the
iameter of the Nyquist plots decreases with the increase

n temperature. Both these facts indicate the increase in the
ate of corrosion as the temperature is increased. The same

ig. 8 – Nyquist plots for the corrosion of Mg–Al–Zn–Mn
lloy in 30% (v/v) aqueous solution of ethylene glycol
ontaining 4 mM chloride ions at different temperatures.
trend is reflected in the results listed in Table 2, as the val-
ues of icorr and �corr are observed to be increasing and the
value of Rhf decreasing with the increase in temperature in
a given medium. The shapes of the polarization curves and
Nyquist plots remain unaltered with the change in temper-
ature, indicating that the temperature alters only the rate of
alloy corrosion but not the mechanism of corrosion.

Arrhenius equation (Eq. (13)) was used to calculate the acti-
vation energy (Ea) of the corrosion process.

ln(�corr) = B −
(

Ea

RT

)
(13)

where B is a constant, which depends on the type of the
metal, R is the universal gas constant. The plot of ln(�corr)
vs reciprocal of absolute temperature (1/T) gives a straight
line. The activation energy values were calculated from the
slope = −Ea/R. Fig. 9 shows the Arrhenius plots for the cor-
rosion of Mg–Al–Zn–Mn alloy. The transition state theory
equation (Eq. (14)) was used to calculate the enthalpy of acti-
vation (�H#) and entropy of activation (�S#).

�corr =
(

RT
N h

)
exp

(
�S#

R

)
exp

(
−�H#

RT

)
(14)

where N is Avogadro’s number and h is Plank’s constant.
A straight line graph is obtained by plotting ln(�corr/T)
vs 1/T  (Fig. 10). Enthalpy of activation and entropy of
activation were calculated from the slope = −�H#/R and inter-
cept = ln(R/Nh) + �S#/R. The activation parameters for the
corrosion process are listed in Table 3.

The Ea value, which is the measure of the energy bar-
rier for the occurrence of corrosion reaction, in general,
decreases with the increase in the concentration of chloride
cal corrosion study of Mg–Al–Zn–Mn alloy in aqueous ethylene glycol
16/j.jmrt.2016.04.003

ions in the medium, indicating that corrosion of the alloy is
thermodynamically more  favored in the presence of higher
concentration of chloride ions. The large negative values of

dx.doi.org/10.1016/j.jmrt.2016.04.003
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Fig. 10 – Plots of (lnvcorr/T) vs 1/T  for the corrosion of
Mg–Al–Zn–Mn alloy in 30% (v/v) aqueous ethylene glycol
containing different concentrations of chloride ions.

Table 3 – Activation parameters for the corrosion of
Mg–Al–Zn–Mn alloy.

Concentration
of Cl− (mM)

Ea (kJ mol−1) �H# (kJ mol−1) �S# (J mol−1 K−1)

2 21.62 19.02 −201.52
4 20.91 18.31 −201.29
6 23.92 21.32 −189.87
8 19.78 17.18 −202.48

10 16.12 13.52 −213.15

Fig. 11 – (a) SEM image and (b) EDX spectrum of a freshly
polished surface of Mg–Al–Zn–Mn alloy, after etching in
Please cite this article in press as: Medhashree H, Shetty AN. Electrochemi
containing chloride ions. J Mater Res Technol. 2016. http://dx.doi.org/10.10

�S# imply that the activated complex in the rate determining
step is formed by association, resulting in a decrease in ran-
domness on going from the reactants to the activated complex
[56].

Fig. 12 – EDX mapping of Mg–Al–Zn–Mn alloy showing
acetic-picral.

3.5.  Surface  morphology
cal corrosion study of Mg–Al–Zn–Mn alloy in aqueous ethylene glycol
16/j.jmrt.2016.04.003

The surface morphologies and surface compositions of the
fresh and corroded alloy surfaces were analyzed by SEM and

 the distribution of various elements in the alloy.

dx.doi.org/10.1016/j.jmrt.2016.04.003
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Fig. 13 – (a) SEM image and (b) EDX spectrum of the
corroded surface of Mg–Al–Zn–Mn alloy specimen after
i
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mmersion in 30% aqueous ethylene glycol containing
0 mM chloride ion for 24 h.

DX spectra. Fig. 11(a) represents the SEM image  of the freshly
olished surface of the alloy, after etching in acetic-picral. The
orresponding EDX spectra is presented in Fig. 11(b). The dis-
ribution of elements of Mg–Al–Zn–Mn alloy was determined
sing EDX mapping and is as shown in Fig. 12. Mg–Al–Zn
lloy shows a biphasic microstructure with �-Mg solid solution
nd a discontinuous precipitation in lamellar form of �-phase
Mg17Al12). Presence of aluminum and manganese results in
he formation of MnAl2 inclusions as shown in the SEM image
Fig. 11(a)) and the same is supported by the EDX spectra
ecorded at specified areas (Fig. 11(b)). The SEM image  and EDX
pectrum of the corroded alloy surface after 24 h of immersion
re shown in Fig. 13(a) and (b), respectively. The surface of the
lloy is corroded with the formation of grooves and disconti-
uities. A strong peak of oxygen in the EDX pattern provides
he proof for the proposed corrosion mechanism, with the
ormation of Mg(OH)2.

.  Conclusions

ased on the results of the investigation, the following con-
lusions are drawn:
Please cite this article in press as: Medhashree H, Shetty AN. Electrochemi
containing chloride ions. J Mater Res Technol. 2016. http://dx.doi.org/10.10

. The corrosion rate of Mg–Al–Zn–Mn alloy is remarkably
influenced by the environmental factors like temperature
and chloride ions concentration.
 1 6;x  x x(x  x):xxx–xxx 9

2. Corrosion rate of Mg–Al–Zn–Mn alloy increases with the
increase in temperature and chloride ion concentration.

3. The results of electrochemical analyses and surface anal-
yses suggest the formation of partially protective Mg(OH)2
film on the corroding alloy surface.

4. The corrosion kinetics follows Arrhenius law.
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