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The weight reduction of numerous consumer electronic devices is of increasing importance. In this respect,
ultra-light magnesium alloys have attracted more attention to be used as frame materials. Nevertheless, Mg
alloys are of intrinsically poor corrosion resistance, especially in chloride ion-containing environments.
Human perspiration fluid with a relatively high chloride ions content (� 0.14 M) comes in contact with a
number of consumer products resulting in a variety of undesirable effects such as malfunction and cor-
rosion. Based on that, the present work addresses the corrosion behavior of five AZ-Mg alloys including
AZ91D, AZ80E, AZ31, AM60 and AXJ530 in artificial perspiration biofluid at human body temperature of
37 �C. The study is performed using electrochemical impedance spectroscopy and potentiodynamic
polarization techniques supported by surface morphological and EDX spectra examinations. The surface
layer total resistance value (RT) estimated from the analysis of obtained impedance data after 12-h exposure
period reveals that durability of our tested samples increases in the following sequence: AZ80 >
AZ91 > AZ31 > AM60 > AXJ530 > Mg (control). AZ80E alloy at top of this sequence points to its
significantly high anti-corrosion performance in artificial perspiration biofluid and thus can be the best Mg
materials of choice for many housing consumer electronic products. This outcome is in consistence with the
corrosion rate (Pi in mm y21) trend as derived from the potentiodynamic polarization data that decreases in
the following order: AZ80 (0.25) < AZ91 (0.49) < AZ31 (1.03) < AM60 (1.23) < AXJ530 (5.36) <
Mg (5.98). Both FE-SEM images and EDX analyses further confirm these experimentally electrochemical
findings.

Keywords artificial sweat solution, EDX, impedance spectra,
magnesium alloys, personal electronic devices, SEM
images

1. Introduction

Great attention has been paid worldwide to preserving the
environment and reducing the volume and weight of industrial
metallic products (Ref 1, 2). Therefore, magnesium (Mg) and
its alloys have attracted an increasing attention in many
industries and become more and more widespread due to their
outstanding properties. Magnesium is found to be the 8th most
abundant element, constituting � 1.93% of the total mass of
earth�s crust. Moreover, oceans contain � 0.13% of magne-
sium, thus creating an almost limitless reserve (Ref 3).
Magnesium has also other advantageous properties that make
it an excellent choice for a number of applications. For
example, Mg alloys have excellent specific strength reaching
480 MPa m3/kg and stiffness, exceptional dimensional stability
and high recyclability (Ref 4). Also, due to their high strength
and low density (1.75-1.85 g/cm3), they may effectively
compete with aluminum alloys and steel (Ref 5-7). This is

because density of Mg alloys is almost 36% lower than that of
aluminum alloys and as much as 78% lower than the density of
steel (Table 1) (Ref 8). Thus, combination of its low density
with good tensile strength and elastic modulus renders mag-
nesium and its alloys as high-strength-to-weight ratio materials,
therefore, promising for as structural materials which can
reduce the weight of automotive and mobile electronic devices
for good energy efficiency and low CO2 gas emission and so on
(Ref 9). Furthermore, other advantages of Mg alloys include
exceptional dampening capacity, its non-toxicity toward envi-
ronment and human body (Mg alloys are considered ideal
options for biodegradable implants) (Ref 10), ease of machin-
ing by high-speed milling and turning (e.g., 5-10 times longer
tool life than Al), and versatility (e.g., processable by rolling,
and/or extrusion) (Ref 11).

Based on these superior properties and a combinative
requirement for reducing environmental burdens by using light-
weighted structures, the research and development of Mg alloys
for practical industrial applications have overwhelmingly
increased worldwide during the past decade. These properties
make it valuable in a number of applications including
automobile and aerospace components, computer parts, mobile
phones, sporting goods, handheld tools and household equip-
ment (Ref 12). Pure Mg is soft and mechanically weak, with a
tensile strength of � 20 MPa (Ref 11). Furthermore, Mg and its
alloys have long been perceived as rapidly corroding due to
their poor corrosion resistance. Thus, there have been signif-
icant efforts on developing Mg alloys for different applications
(Ref 12, 13). Mg alloys are typically multiphase materials,
consisting of a dispersion of intermetallic particles in the main
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a-Mg matrix. The multiphase nature of the alloys is mainly due
to the non-equilibrium character of solidification and provides
mechanical strength to materials (Ref 14). Alloying magnesium
with aluminum, manganese, rare earths, thorium, zinc or
zirconium, increases strength-to-weight ratio making them
important materials for applications where weight reduction is
important, and where it is imperative to reduce inertial forces.
Because of this property, denser materials, not only steels, cast
iron and copper based alloys, but even aluminum based alloys
are replaced by magnesium based ones (Ref 8, 15). Therefore,
understanding the corrosion behavior of Mg alloys has recently
become a very important hot topic of research.

Human perspiration comes in contact with a number of
consumer products, which can cause a variety of undesirable
effects. Components can corrode and/or malfunction, dyes can
bleed or discolor, and residues can be unsightly. The problem of
metal corrosion resulting from contamination by palmar sweat
is common to many industrial occupations. Constant handling
of metal parts by individuals causes an accumulation of rust.
Thus, serious consideration must be given to this effect (Ref
16). The objective of the present work aims to understanding
the corrosion behavior of AZ80E, AZ91, AZ31, AM60 and
AXJ530 magnesium alloys in artificial perspiration solution as
a function of immersion time using electrochemical measure-
ments, SEM and EDX techniques to disclose any alloy that can
be a potential candidate in the field of consumer electronics
industry.

2. Experimental Details

2.1 Preparation of Samples and Testing Medium

The samples utilized in the present study were AZ80E,
AZ91, AZ31, AM60 and AXJ530 magnesium alloys, as well as
unalloyed magnesium used as a control in the long immersion
test. These samples were selected due to their readiness, being
all belong to the AZ-Mg alloy system. The working materials

were manufactured using die casting route, except AZ80E
which was fabricated by extrusion. Commonly, extruded
magnesium alloys have wide applications due to their proper
ductility, good plasticity and fine homogeneous microstructure
and particle distributions. The nominal chemical compositions
of the samples in wt.% are listed in Table 2. From the literature,
interesting original microstructures of the tested samples are
collected and displayed in Fig. 1 for comparison (Ref 17-19).
Samples were cut into coupons, molded each one into a glass
tube with epoxy resin leaving only one side unsealed with
exposed surface area of 0.245, 0.189, 0.180, 0.220, 0.240 and
0.250 cm2 for AZ80E, AZ91D, AZ31, AM60, AXJ530 and
Mg, respectively, to serve as a working electrode. Prior to all
measurements, alloy samples were abraded with emery paper
up to 1500 grits, rubbed with acetone, rinsed with deionized
water and dried at room temperature. Since consumer electronic
devices are always in direct contact with our hand�s perspira-
tion, the used test medium was artificial perspiration solution
prepared by dissolving the following components in 1-L
volumetric flask: 7.5 g NaCl, 1 g KCl, 1 g CH4N2O (urea)
and adding 1 mL C3H6O3 (lactic acid). Finally, few drops of
ammonia solution (NH4OH) were carefully added dropwise to
adjust the solution pH at 4.49 ± 0.01 (Ref 20).

2.2 Electrochemical Tests

Open-circuit potential (OCP), electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization tech-
niques are convenient and easy methods to estimate the
corrosion performance of the tested magnesium materials. The
experiments were performed in a standard three-electrode
electrochemical cell. Metallic sample, large platinum plate of
size 40 mm 9 20 mm 9 2 mm and a saturated calomel elec-
trode (SCE) were served as the working, counter and reference
electrodes, respectively. EIS diagrams were recorded using an
excitation AC sinusoidal signal of 10 mV peak to peak in the
frequency domain from 30 kHz down to 50 mHz after different
exposure periods extended up to 12 h. The potentiodynamic

Table 1 Physical properties of Mg, Al and Fe (Ref 8)

Property Magnesium Aluminum Iron

Crystal structure hcp fcc bcc
Density at 20 �C (g/cm3) 1.74 2.70 7.86
Coefficient of thermal expansion 20-100 �C (9 106/C) 25.2 23.6 11.7
Elastic modulus [Young�s modulus of elasticity] (106 Mpa) 44.126 68.947 206.842
Tensile strength (Mpa) 240 (for AZ91D) 320 (for A380) 350
Melting point (�C) 650 660 1536

Table 2 Chemical composition of the tested magnesium materials

Material

Chemical compositions, wt.%

Al Zn Mn Si Cu Fe Ni Be Ca Sr Mg

AZ80E 8.2 0.46 0.13 0.01 < 0.001 < 0.004 < 0.001 … … … Bal.
AZ91D 9.0 0.67 0.33 0.01 0.03 0.005 0.002 0.0008 … … Bal.
AZ31 3.1 0.73 0.25 0.02 < 0.001 < 0.005 < 0.001 0.0001 … … Bal.
AM60 6.0 0.02 0.32 0.03 0.003 0.003 0.0005 … … … Bal.
AXJ530 4.7 … 0.30 … < 0.003 0.002 < 0.002 … 2.6 0.15 Bal.
Mg 0.005 … 0.002 … 0.002 0.03 0.001 … … … Bal.
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polarization tests were performed in accordance with ASTM G
102-89 (Ref 21), where the potential was scanned from � 1.8
to � 1.0 V (versus SCE) with a scanning rate of 1 mV s�1. All
electrochemical experiments were carried out inside an air
thermostat regulated at the average human body temperature of
37 ± 0.2 �C. The measuring instrument was the electrochem-
ical workstation Zahner-elektrik IM6e, Germany, provided with
Thales software for impedance and I–E data measure-
ments/analysis. Each experiment was done in three replications
for studying the repeatability reproducibility of the results.

2.3 Corrosion Morphology

The surface morphologies of the tested samples after
immersion for 1 and 12 h according to the standard protocol
ASTM G31-72 (Ref 22) were analyzed and compared using
Quanta 250 FEG (Field Emission Gun) equipped with EDX
unit (energy-dispersive x-ray analyzer), with accelerating
voltage 30 kV and magnification 149 up to 1,000,0003 and
resolution for Gun.1n.

3. Results and Discussion

3.1 Open-Circuit Potential Transients

Figure 2 presents the time-dependent variation of OCP for
the five tested magnesium specimens exposed to artificial
perspiration solution at 37 ± 0.2 �C over time periods ex-
tended up to 12 h. It is well known that during exposure of a
metallic electrode to a corrosive medium, its OCP usually
varies with time due to changing in the nature of its surface.
Thus, variation in OCP transients can help in understanding
natural activation or passivation phenomena that happen on the
sample surface and thus its chemical stability and durability in
the absence of any applied potential or current bias (Ref 23). As
it can be seen, AZ80E, AZ91, AZ31 and AXJ530 alloys have

all similar trend, where the potential rapidly increases with time
from the initial moment of immersion and gradually tends
toward a quasi-steady value nobler than the initial one. The
positive shift of potential indicates spontaneous passivation of
the alloy owing to deposition of corrosion products on its
surface as a result of alloy interaction with the contacting
electrolyte. Such process can effectively seals the substrate
surface against further reaction (Ref 19), whereas a rather
steady OCP value suggests an equilibrium conditions due to
attainment of a constant corrosion layer covering the sample
surface. On the other hand, in case of AM60 alloy, the
evolution of OCP during the first hour of immersion reveals a
fast decrease in Eoc value which is likely related to partial
dissolution of the native oxide/hydroxide film on the sample
surface (Ref 24). It is also of interest to notice that the more
positive shift is for AZ31 and AXJ530 alloys as compared to

Fig. 1 SEM microstructure of: (a) AZ80E (Ref 17), (b) AZ91D (Ref 17), (c) AZ31 (Ref 17), (d) AM60 (Ref 18), (e) AXJ530 (Ref 19) and (f)
unalloyed Mg (Ref 17)

Fig. 2 Variation with time of the OCP for various magnesium
alloys in artificial perspiration biofluid as a function of the
immersion time

Journal of Materials Engineering and Performance Volume 28(7) July 2019—4381

Author's personal copy



other alloys which may be indicative of film healing and
thickening events during the immersion process. However, the
potential shift toward more or less positive values cannot serve
as a dependable criterion for the increase or decrease in the
corrosion resistance. This is because not only the thickness is
assumed to provide a criterion of protection, but other factors
such as microstructure, surface film composition, compactness,
continuity and adhesion to the substrate play also crucial role in
the attack kinetics. Nature of formed films being protective or
non-protective will be further clarified based on the data of both
EIS and potentiodynamic polarization exploratory techniques
(Ref 25).

3.2 Impedance Behavior

EIS is possibly one of the most powerful and versatile
techniques for characterizing many electrochemical corroding
systems without disturbing them, since it is essentially
measured at the free corrosion potential (OCP). It is an
effective tool to scrutinizing the properties of interface for any
barrier film on a metallic substrate. A brief image of variation in
the charge transfer kinetics and capacitive components can be
displayed by the aid of EIS (Ref 26). Figure 3(a), (b), (c), (d)
and (e) represents the impedance spectra in Bode diagrams for
each tested magnesium alloy (AZ80E, AZ91, AZ31, AM60 and
AXJ530) as a function of the immersion time up to 12 h. On

Fig. 3 (a-e) Bode plots for various tested magnesium alloys in artificial perspiration biofluid as a function of the immersion time. (f) Electrical
equivalent circuit (EEC) model used to fit the experimental impedance data
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the other hand, Fig. 3(a), (b), (c) and (d) displays Nyquist
diagrams of the impedance spectra after different exposure
periods of 1, 3, 6 and 12 h, as a function of the tested Mg alloy
sample. The Bode representation shows the logarithm of the
impedance modulus |Z| and phase angle (h), both as a function
of the logarithm of the frequency (f), whereas in the Nyquist
format the imaginary component (Z 00) of the impedance is
plotted as a function of the real component (Z 0).

Generally, the impedance spectra reveal features of a corrod-
ing electrode coveredwith amore or less partially protective layer
(Ref 27, 28). The Bode plots for all alloys (Fig. 3) show resistive
regions at high (HF)- and low (LF)-frequency limits, and
capacitive contribution at the middle (MF) frequency region that
corresponds to a maximum in the h versus log f plots. The
impedance modulus (|Z|) and the phase angle (h) for all alloys are
clearly found to be dependent on the immersion time. It is to be
noted that for AZ80E alloy (Fig. 3a) the modulus |Z| acquires the
highest value among all tested samples followed by the value for
AZ91 alloy (Fig. 3b). Over the whole exposure time, the
impedance modulus (|Z|) for those two alloys exhibits a
monotonic sharp increase in its value from the beginning of
immersion up to 6 h, and then it decreases a little when the
immersion time is protracted up to 12 h. Such behavior is
possibly due to a decrease in the capacitive behavior of the
interface resulting from weakening in the passive property of the
formed surface film (Ref 24). On the other hand, the two alloys
AZ31 (Fig. 3c) and AM60 (Fig. 3d) have both similar perfor-
mance, where |Z| value decreases in time during the first 3 h, and
then at longer exposure an inverse trend is observed. Finally, a
different corrosion trait is detected for AXJ530 alloy (Fig. 3e) as
|Z| value from the incipient of immersion exhibits a continuous
decrease with time over the whole exposure time periods. In fact,
there is a series of complicated corrosion progressions arising on
magnesium alloys surface in artificial perspiration biofluidwhich
contains various aggressive components that can attack the
magnesium materials.

Indeed, human body fluids contain � 90% water, and Mg
will be oxidized producing magnesium hydroxide as follows
(Ref 29):

Mg ! Mg2þ þ 2e ðanodic reaction) ðEq 1Þ

2H2Oþ 2e ! 2OH� þ H2 " ðcathodic reactionÞ ðEq 2Þ

Overall reaction: is as follows:

Mg2þ þ 2H2O ! MgðOHÞ2 þ H2 " ðEq 3Þ

The formed Mg hydroxide deposits as a layer on the Mg
surface and thus can partially protect the substrate material
from further corrosion attack. In the meantime, artificial
perspiration solution contains � 0.14 M Cl�, and these aggres-
sive anions can be adsorbed on the hydroxide surface layer and
readily transferring it to the more soluble MgCl2 via the
following reaction (Ref 30):

MgðOHÞ2 þ 2Cl� ! MgCl2 þ 2OH� ðEq 4Þ

Previously, the effect of the three major components in the
perspiration solution has been studied during the corrosion of
AZ-Mg alloys series of Ref 31. The results on AZ31, AZ61 and
AZ91 alloys revealed that those components played different
roles, and among them, lactic acid is the most important
corrosive agent as it can promote hydrogen evolution reaction,

hence accelerating the alloy corrosion rate. On the other hand,
NaCl induces pitting corrosion, while urea plays a role of
corrosion inhibitor by blocking the active sites for corrosive
ions such as Cl�. This is caused as urea molecules can be
adsorbed onto the alloy surface forming a protective barrier
film. The inhibiting mechanism of urea is by adsorption of its
molecules due to electrostatic interaction of the lone pairs of
electrons and p bond in its molecular structure with the metallic
surface. Thus, urea molecules can easily be chemically
adsorbed on magnesium surface, but when urea coexists with
NaCl or lactic acid, its inhibiting efficacy will be damped.
Nonetheless, the inhibitive influence of urea in presence of
lactic acid system is better than that in presence of NaCl. This is
likely attributed to a possible reaction between weak alkaline
urea and lactic acid leading to a decrease in hydrogen ion
concentration. Accordingly, the cathodic hydrogen evolution
rate would be reduced with a concomitant diminution in the
vulnerability of the corrosion process (Ref 13).

Furthermore, after any given exposure period during the
course of immersion, a comparative presentation of the
impedance spectra for the tested five specimens on the Nyquist
format, shown in Fig. 4(a), (b), (c) and (d), reveals that each plot
is characterized by two merged depressed capacitive loops in the
HF and MF regions and an inductive loop (L) at the LF limit.
These features are in good reasonably correspondence with the
two-phase maxima displayed in the h–log f Bode plots of Fig. 3.
Likewise, it is well known that MF capacitance loop is related to
mass transportation characteristics in the corrosion barrier layer,
while the HF loop is linked to the properties of electric double
layer and charge transfer effects, as well as any effect due to the
solution resistance (Ref 31). Concerning the topic of alloy
composition and microstructure, it is worth noting that alloying
elements not only modify the mechanical properties of magne-
sium, but also impart a substantial influence on its corrosion
behavior. In the AZ system of magnesium alloys, enhanced
corrosion properties are reached due to the content of Al in the
solid solution second phase and can be even improved by Zn
addition. Content of Al influences also the amount of Mg17Al12
intermetallic phase, which affects the corrosion processes. The
influence of the intermetallic Mg17Al12 particles (b-phase) on
corrosion traits of our alloys depends on their amount,
morphology and distribution in the alloy microstructure (Ref
32). It is evident from the plots in Fig. 4 that at all exposure
stages, AZ80E followed by AZ91 alloy both give the highest
corrosion resistance than other three ones. Since aluminum
content in AZ91 is higher than that in AZ80E, the ratio of b-
phase in AZ91 would be higher than that in AZ80E. Accord-
ingly, AZ91 alloy will exhibit lower corrosion resistance than
AZ80E alloy does, as the micro-galvanic coupling effect would
be higher for the former alloy (AZ91) than for the letter one. The
corrosion resistances of the remaining three alloys are changed
with the immersion time and following always a decreasing
trend of the order: AZ31 > AM60 > AXJ530 after 6-h
exposure until the end of the whole immersion test. However,
for unalloyed Mg specimen after 12-h exposure, EIS data
depicted in Fig. 4(d) inset show that pure Mg has the least
corrosion resistance in artificial perspiration solution in com-
parison with the alloyed samples. This mostly indicates that Al
and Zn alloying elements have both positive influences on the
corrosion performance of magnesium materials by stabilizing
the protective corrosion layer formed on their surfaces in
aggressive biofluid environment (Ref 19, 24).
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To better compare and understand the electrochemical
behavior of the five tested Mg alloys in artificial perspiration
biofluid, the experimental impedance data were analyzed using
a proper physical model of an electrical equivalent circuit
(EEC). Based on all features for both Bode and Nyquist
diagrams shown in Fig. 3 and 4, a three-time constant EEC was
chosen and found to be appropriate for computer simulation of
the obtained impedance responses. The proposed model
illustrated in Fig. 3(f) consists of the three time constants
R1C1, R2C2 and RLL all in electrical series with the solution
resistance (RS) between the working and reference electrodes.
This three-time constant model was found to be satisfactory to
give good agreement between experimental and theoretical data
which are also embedded with the impedance spectra in Fig. 3
and 4. The adopted model can describe precisely the three
different interfacial processes detected in the obtained EIS
diagrams with an average error of less than 0.5% during the
fitting procedure. In our EEC model, the first time constant is
the parallel combination R1C1 which is physically linked to the
behavior of MF capacitive loop associated with the resistance
and capacitance of the quasi-passive corrosion product film on

the alloy surface. This time constant is series connected to the
second one (R2C2) describing the characteristics of charge
transfer resistance and capacitance of electrical double layer at
the base of pores and defects present in the partially protective
surface film (Ref 13, 28). Finally, the inductive loop (L) that
appeared in the low-frequency limit of the Nyquist plots is
expressed by the third time constant (RLL) which is in electrical
parallel with the corrosion layer time constant (R1C1). The low-
frequency inductive loop described with resistance (RL) and the
inductance (L) is emerged from relaxation of coverage due to
adsorption of some abound species in solution on the barrier
film/substrate interface (Ref 13, 19, 33). To account for the non-
uniform current distribution caused by surface heterogeneity,
roughness and porosity of the corrosion product film and in
order to obtain better fitting results, a constant phase element
(CPE) was used to replace the pure capacitance (C1) in real
electrochemical process. The CPE is not an ideal capacitor, and
its impedance (ZCPE) takes the form (Ref 24):

ZCPE ¼ Y�1
0 ðjxÞ�a ðEq 5Þ

Fig. 4 Nyquist plots for various tested magnesium alloys in artificial perspiration biofluid as a function of the immersion time: (a) 1 h, (b) 3 h,
(c) 6 h and (d) 12 h
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where j2 ¼ �1 and a is the CPE exponent which has a value
between 0.0 for pure resistance, 0.5 for a porous electrode and
unity for an ideal flat surface and its deviation from unity is an
indication of deviation of CPE from ideal capacitance (Ref 34).
Y0 is the admittance of the CPE having the unit of
(X�1 cm�2 sa) whose value is independent of the frequency
(f ), and x is the angular frequency ðx ¼ 2pf rad s�1Þ; where
at x ¼ 1, Y0 ¼ C (in F cm�2) (Ref 19, 24, 28).

EEC impedance parameters corresponding to the best fit
results are reported in Table 3. The total film resistance (RT)
value has been estimated as the summation of the resistance
elements for the three different interfacial processes occurring
at the electrode/electrolyte interface: (RT = R1 + R2 + R3) and
can be actually corresponding to the specimen corrosion
resistance (Rcorr) value in the artificial perspiration biofluid.
Careful inspection of all results in Table 3 can disclose the
following remarkable implications:

1. The solution resistance (Rs) is always of few X cm2 order
being of a little higher value for AZ80E alloy and a with
much smaller value for AXJ530 alloy than others. Its va-
lue is closer to that of the inductance resistance (RL) in
the vulnerable regions of all tested alloys. Thus, RL value
seems to be related to a modification in the electrolyte
conductivity by accumulation of corrosion products in
those regions.

2. For all tested samples, generally the charge transfer resis-
tance (R2) is slightly higher than that for the corrosion
product layer resistance (R1) which may increase or de-
crease depending on the alloy nature. Despite that, a re-
verse trend is always noticed between the capacitance

(C1) of the corrosion layer and its resistance (R1). During
alloy exposure to the biofluid, it seems that film healing
and growth or film dissolution are the major effective
processes spawning to a continuous increase or decrease
in the resistance of the corrosion product layer deposited
on the metallic surface.

3. Based on the parallel plate model for the interface region,
the thickness (d) in cm of the corrosion product layer can
be related to its capacitance (C1) by the following equa-
tion (Ref 35):

d ¼ eoerA=C1 ðEq 6Þ

where eo is the vacuum permittivity (8.854 9 10�14

F cm�1), er is the dimensionless relative dielectric constant
of the surface film, and A is the geometric surface layer of
the substrate. Although the actual er value within the
corrosion layer is difficult to estimate, a change in C1 can be
used as an indicator for a change in the corrosion layer
thickness (d). Hence, 1/C1 value of the corrosion product
layer will be directly proportional to its thickness. Figure 5
displays the time-dependent variation of both the total
corrosion layer resistance (RT) and its relative thickness (1/
C1) for each tested specimen. As can be clearly seen, the
trend of 1/C1 variation with time is always mirrored
completely by that for RT variation, and they are largely
dependent upon both the alloy type and the immersion
period. Among the tested samples, AZ80E alloy exhibits
the highest RT and 1/C1 values over the whole testing hours
followed by AZ91 sample. Regarding AZ31, AM60 and
AXJ530 alloys, they all show a somewhat close variation in
their behavior with lower RT and (1/C1) values.

Table 3 Equivalent circuit impedance parameters of the tested magnesium materials in artificial perspiration biofluid at
37 �C as a function of immersion time

Time, h R1, X cm2 C1, lF cm22 a RL, X cm2 L, H cm2 R2, X cm2 C2, lF cm22 RS, X cm2 RT, kX cm2

AZ80
1 667.9 4.7 0.90 6.5 93.8 920.0 185.8 7.6 1.59
3 808.0 3.7 0.87 7.0 66.5 862.4 120.0 8.2 1.68
6 916.5 3.7 0.84 8.6 59.8 945.5 80.6 10.1 1.87
12 654.0 6.3 0.83 4.7 31.0 712.7 76.9 5.5 1.37

AZ91
1 350.0 7.0 0.86 4.8 99.5 483.8 633.8 5.5 0.84
3 589.0 6.3 0.87 9.9 56.6 501.0 534.1 5.0 1.10
6 828.5 4.6 0.84 12.8 27.1 623.5 341.8 5.5 1.46
12 619.5 7.2 0.81 11.9 13.3 568.5 152.4 5.1 1.20

AZ31
1 184.0 7.6 0.90 4.3 23.5 249.5 498.4 4.7 0.438
3 106.6 15.5 0.90 4.1 22.9 75.90 818.6 5.4 0.187
6 137.8 13.0 0.90 4.9 17.6 120.4 724.4 5.4 0.263
12 168.6 10.3 0.87 5.2 16.2 210.6 567.2 3.7 0.382

AM60
1 45.1 10.3 0.85 5.3 4.38 107.4 17.5 5.7 0.158
3 42.9 14.9 0.78 4.9 3.55 100.8 20.6 5.2 0.149
6 111.2 13.5 0.81 5.3 4.53 116.3 292.5 5.8 0.233
12 150.8 10.9 0.81 7.2 19.1 137.2 921.4 4.3 0.295

AXJ530
1 126.8 10.0 0.85 2.5 20.0 213.7 89.6 2.9 0.343
3 126.5 13.4 0.84 2.8 24.2 214.0 61.7 3.1 0.343
6 97.5 21.2 0.84 2.8 54.0 47.9 58.3 2.9 0.148
12 71.4 29.0 0.84 3.0 69.6 47.7 20.0 3.0 0.122

Mg
12 28.5 36.5 0.91 6.8 91.5 23.5 73.1 5.8 0.059
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4. A comparative bar diagram for the time-dependent variation
of the total resistance (RT) as a function of the alloy identity
is illustrated in Fig. 6. It is noticeable that AZ80E sample
has always excellent corrosion resistance at all testing peri-
ods in comparison with the values of other tested alloys.
Thus, after 1-h immersion RT for AZ80E Mg alloy is equal
to 1.59 kX cm2, being decreased to 0.84 kX cm2 for AZ91
alloy, while for AZ31, AM60 and AXJ530 alloys RT values
are significantly lower amounting to 0.438, 0.158 and
0.343 kX cm2, respectively. Interestingly, on prolonging the
exposure period to 12 h, AZ80E alloy still displays superior
corrosion resistance performance (1.37 kX cm2) followed
by AZ91 (1.20 kX cm2) as compared to other tested alloys,
and among them, AXJ530 Mg alloy is the one having the
least RT value (0.122 kX cm2) followed by unalloyed Mg
(0.059 kX cm2). At all stages of corrosion after different
exposure periods from 3 to 12 h, the results clearly demon-
strate that RT value, which is equivalent to the alloy corro-
sion resistance increases in the order: AZ80E
(highest) > AZ91 > AZ31 > AM60 > AXJ530 > Mg
(lowest). The efficient anti-corrosion behavior experienced
by AZ80E alloy can be explained from the point of view
of its pristine microstructure (see Fig. 1), and any morpho-
logical changes occurred after the immersion tests as will
be discussed in the following section.

3.3 Corrosion Morphology

Surface morphologies of the tested samples after immersion
for 1 and 12 h in artificial perspiration biofluid at 37 �C are
presented in Fig. 7 and 8, respectively. As can be noticed, the
initial stage of corrosion for all alloys after 1-h immersion
reveals somehow different degrees of localized attack around
both of MnAl2 inclusions and b-phase interfaces as these two
phases can form galvanic couples with the surrounding Mg
matrix (Ref 17). The FE-SEM images disclose that the
smoothest and more compact morphology is for AZ80 surface
which has a uniform corroded appearance attack (Fig. 7a),
followed by that for AZ91 alloy (Fig. 7b). As for AZ31 alloy
(Fig. 7c), its surface reveals a feature of localized corrosion that
becomes more obvious for AM60 sample (Fig. 7d), while for
AXJ530 alloy (Fig. 7e) the surface shows a more sever attack.
All these features confirm that AZ80E sample possesses the
highest corrosion resistance followed by AZ91 alloy in
comparison with those for AZ31, AM60 and AXJ530 samples,
in good support to the EIS results. After 12-h immersion, SEM
images and EDX spectra are used to register the impact of
artificial perspiration solution on the surface of tested alloys
(Fig. 8a-f), where AZ80E and AZ91 samples display a lower
degree of corrosion attack. The higher corrosion resistance of
AZ80E alloy (Fig. 8a) may be associated with the presence of
aluminum and its direct or indirect intervention on the

Fig. 5 (a) Total resistance (RT) and (b) total corrosion layer thickness (1/C1) formed on various tested magnesium alloys in artificial
perspiration biofluid as a function of the immersion time

Fig. 6 Bar diagrams for the total resistance (RT) of the corrosion product layer formed on various tested magnesium alloys in artificial
perspiration biofluid as a function of the immersion time

4386—Volume 28(7) July 2019 Journal of Materials Engineering and Performance

Author's personal copy



corrosion mechanism, which has been proposed to consist of
two steps: (1) formation of a semi-protective Al-rich oxide
layer, and (2) reduction of the corrosion progression near to the
lamellar b-phase aggregates (Ref 17). On the other hand,
Fig. 8(b) reveals that AZ91 sample exhibits less anti-corrosion
behavior than AZ80E alloy although aluminum content in its
nominal composition is slightly higher. This is likely attributed
to different changes in solidification microstructure of this alloy
(cf. Fig. 1b) leading to a non-continuous distribution of b-phase
along its main a-Mg grains. In case of AZ80E sample, the
corrosion resistance is exclusively attributed to the presence of
both an eutectic aggregate network with higher aluminum
content and a relatively fine b-phase network, which is spread
all over the whole alloy surface (cf. Fig. 1a) leasing to limit the
advance of corrosion attack (Ref 17). Magnesium materials are
known to be polyphasic alloys, where the potential differences
between various phases in their microstructures are chiefly
determining their corrosion performance in a given environ-
ment due to the micro-galvanic couple effect. As reported in the
literature, the potential difference between a- and b-phases is
152.3 and 160.0 mV for AZ80 and AZ91D alloys, respectively,
indicating a cathodic behavior for the b-phase which might be
effective sites for the initiation of localized corrosion (Ref 36,
37). AZ31 alloy (Fig. 8c) suffered stark localized pitting
corrosion with cobblestone appearance and few scattered intact
areas. Such pattern is due to its microstructure which is
composed of a-phase solid solution and a small fraction of the
b-phase (Mg17Al12), as well as Al-Mn intermetallic particles,
being mainly distributed in the a-phase (cf. Fig. 1c). Regarding
the small amount of b-phase in AZ31 alloy and that the

corrosion potential of Al-Mn phase is higher than other phases
in this alloy, therefore the effect of b-phase is thought to be less
on its corrosion behavior than that of the Al-Mn particles. It
follows that the localized corrosion is mainly initiated adjacent
to Al-Mn particles in a- phase. Hence, pits with a range of
depth occurred adjacent to the Al-Mn particles over the whole
surface (Ref 38). The intermetallic b-phase in Mg-Al alloy
system has two contrary influences on its corrosion behavior, as
a barrier and as a galvanic cathode, being acting as a barrier
only when it is continuously distributed in small grains around
the a-Mg matrix (Ref 39). For AM60 alloy (Fig. 8d), corrosion
pits appearing after 1 h transform to more obvious pits after
12 h indicating more damage on the surface. In AM60 Mg
alloy, aluminum and manganese are two main alloying
elements, where aluminum is partly in solid solution and partly
precipitated in the form of Mg17Al12 along grain boundaries, as
well as part of lamellar structure containing two main phases:
Mg-rich a-phase and Al-rich b-phase (cf. Fig. 1d) (Ref 40).
The galvanic effect between a-phase as an anode and b-phase
as a cathode is dominant during the long stage of immersion
test. Corrosion products precipitate first on the a-phase because
the deposition process requires a critical concentration of Mg2+

ions near the surface (Ref 41). As to the inferior corrosion
resistance of AXJ530 alloy (Fig. 8e), this can be attributed to
the lower content of aluminum in primary a-Mg grains, as well
as to the small volume fraction of the cathodic (Mg,Al)2Ca
phase rendering it to be disabled to act as a corrosion barrier by
forming a continuous network around the a-Mg matrix (cf.
Fig. 1e). Furthermore, isolated and divorced (Mg,Al)2Ca
particles are more prone to be undermined by the dissolution

Fig. 7 FE-SEM images for the corrosion morphologies of various tested magnesium alloys after 1-h immersion in artificial perspiration biofluid
at 37 �C: (a) AZ80, (b) AZ91, (c) AZ31, (d) AM60 and (e) AXJ530
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of neighboring eutectic a-Mg phase. The sites left by under-
mined (Mg,Al)2Ca particles constitute possible occluded areas
which might favor localized corrosion. Furthermore, the
inferior passivation behavior of AXJ530 might be also ascribed
to the discontinuity of the protective Mg(OH)2/CaH2 or
Ca(OH)2 corrosion products over the surface of the specimens,
since grain boundaries may cause some flaws in the passive
film (Ref 42). Finally, unalloyed magnesium surface (Fig. 8f) is

totally corroded, suffered from several attacks and completely
covered by a uniform and thick cluster of corrosion products.
These observations clearly convey the fact that order for the
corrosion resistance of the five tested alloys as compared to
unalloyed magnesium is as follows: AZ80 > AZ91 >
AZ31 > AM60 > AXJ530 > Mg. Such an order is in good
agreement with the conclusion based on the EIS results.
Obtained results may be caused by different distribution of

Fig. 8 FE-SEM images and EDX spectra for the corrosion layers formed on various tested magnesium materials after 12-h immersion in
artificial perspiration biofluid at 37 �C: (a) AZ80, (b) AZ91, (c) AZ31, (d) AM60, (e) AXJ530 and (f) unalloyed Mg
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alloying elements at the microscopic scale, as well as the alloy
microstructure, and both are considered the fundamental
reasons for metal corrosion morphology and corrosion resis-
tance (Ref 43). Generally, the presence of aluminum in one-
phase Mg-Al alloys has a positive impact on their corrosion
resistance as compared with unalloyed Mg. However, alu-
minum impact in two-phase Mg-Al alloys is still not well
understood since it depends on many factors such as: (1)
impurities, (2) b-phase morphology and distribution, (3)
aluminum content and size of a-Mg primary dendrites and

a-eutectic, as well as (4) aluminum enrichment in the corrosion
product layer (Ref 17).

Results from EDX spectra of all tested samples clearly show
the major elements in the corrosion products to be qualitatively
similar composing from Mg, Al, N, O, Na, Cl and C, but with a
great difference in the amount of each element. The appearance
of carbon, nitrogen and oxygen is indicative for the presence of
organic components on the surface layer stems from the
artificial perspiration medium due to urea and lactic acid, while
the presence of Mg, Cl and O provides an important signal that
corrosion products mainly contained Mg(OH)2 and MgCl2. The

Fig. 8 continued
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weight percent of magnesium in case of AZ80 alloy is much
higher than other alloys suggestive of its relatively higher
corrosion resistance. Likewise, the decreasing trend of RT value
as obtained from impedance measurements (Fig. 6) after 12-h
immersion can be further confirmed by the increasing order of
both oxygen and chlorine contents in the corrosion layer which
follows the rank: AZ80 < AZ91 < AZ31 < AM60 <
AXJ530 < Mg.

3.4 Potentiodynamic Measurements

Potentiodynamic polarization experiments were also per-
formed to assess the electrochemical corrosion performance of
the tested alloys after 12-h immersion in artificial perspiration

biofluid at 37 �C. The recorded cathodic and anodic polariza-
tion curves of all samples at a scan rate of 1 mV s�1 over the
potential range from � 1.8 to � 1.0 versus SCE are shown in
Fig. 9. All cathodic curves exhibit well-defined similar Tafel
behavior over a large potential domain corresponding to the
hydrogen evolution via water reduction according to (Eq 2).
Unalloyed Mg and AXJ530 specimens both exhibit the highest
cathodic current density (i) values among the others, indicating
highest corrosion rates, while AZ80 followed by AZ91 has the
lowest values, suggesting lowest corrosion rates than those for
other alloys. These results confirm well the EIS impedance
findings. On the other hand, the anodic curves are attributed to
the formation of Mg+2 ions produced by magnesium material
degradation. Current plateaus with different breakdown poten-
tials are observed in the anodic branches of AZ80, AZ31 and
AM60 curves implying the existence of a protective film on
their surfaces. Generally, the breakdown potential (Eb) of a
given metal or alloy in corrosive environment is considered as
an indication for the capability of its anodic passive film to
resist localized corrosion damage. The electrochemical corro-
sion parameters are evaluated and listed in Table 4. Basically,
the corrosion potential (Ecorr) indicates the equilibrium value
between cathodic and anodic reactions occurring on the same
metallic surface and does not correlate with its corrosion
resistance (Ref 44). To avoid the obvious passivation in the
anodic polarization curve, the corrosion current density (icorr)
can simply be derived by extrapolating the cathodic Tafel curve
back to meet Ecorr. From the Stern–Geary equation (Eq 7), it is
well known that icorr value is inversely related to the corrosion
or polarization resistance (Rp) of the sample via the two Tafel
slopes bc and ba for cathodic and anodic branches, respectively,
as follows (Ref 21, 45):

Fig. 9 Cathodic and anodic polarization curves of various tested magnesium alloys after 12-h immersion in artificial perspiration biofluid at
37 �C: (1) AZ80, (2) AZ91, (3) AZ31, (4) AM60, (5) AXJ530 and (6) unalloyed Mg

Table 4 Electrochemical corrosion parameters of the tested magnesium materials after 12-h immersion in the artificial
perspiration biofluid at 37 �C; DE = Eb 2 Ecorr, Eb being the breakdown potential

Samples Eoc, V Ecorr, V Ecorr 2 Eoc, mV icorr, lA cm22 |bc|, mV decade21 Eb, V DE, mV Pi, lm y21

AZ80 � 1.556 � 1.452 104 10.97 206 � 1.420 32 250.7
AZ91 � 1.553 � 1.368 185 21.24 230 … … 485.3
AZ31 � 1.554 � 1.471 83 44.95 168 � 1.412 53 1027.1
AM60 � 1.565 � 1.299 266 53.74 175 � 1.259 40 1228.0
AXJ530 � 1.548 � 1.410 138 234.70 265 … … 5362.9
Mg � 1.605 � 1.355 250 261.58 348 … … 5977.1

Fig. 10 Bar diagrams for the corrosion potentials (Ecorr) and
corrosion rates (Pi) of various tested magnesium alloys after 12-h
immersion in artificial perspiration biofluid at 37 �C
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icorr ¼
babc

2:303 ba þ bcð Þ �
1

Rp
or icorr ¼

B

Rp
ðEq 7Þ

Additionally, icorr (in lA cm�2) can be related to the average
corrosion rate (Pi in mm y�1) using the following conversion
equation (Eq 8) (Ref 46):

Pi ¼ 22:85icorr: ðEq 8Þ

Results in Table 4 reveal no significant differences in bc
value for all samples. This fact demonstrates that deposited
corrosion product layer with somewhat varying nature on the
different samples does not alter the electrochemical mechanism
related to cathodic hydrogen evolution reaction on any tested
specimen. Comparison of corrosion performance of the tested
alloys based on their Pi values (Fig. 10) shows clearly that the
lowest corrosion rate is noticeable for AZ80 alloy
(0.25 mm y�1) being nearly of half its value for AZ91 sample.
On the other hand, higher corrosion rates are clearly observed
for AXJ530 alloy (5.36 mm y�1) and unalloyed Mg
(5.98 mm y�1). These data are in good corroboration with
the above-mentioned EIS results and surface observations by
SEM and EDX.

4. Conclusions

In this study, electrochemical and corrosion behaviors of
five magnesium alloy specimens, namely AZ80E, AZ91,
AZ31, AM60 and AXJ530, compared to their base Mg metal
have been assessed in artificial perspiration biofluid. Electro-
chemical measurements and surface characterization techniques
disclose the presence of complicated series of corrosion
reactions occurring on those alloys in the perspiration solution.
This is likely due to the presence of various aggressive
components in the biofluid medium. Basically, corrosion
resistances of magnesium alloys and their corrosion rates can
be affected by both alloy�s microstructure and its chemical
composition. Since the beneficial effect of aluminum is limited
only to the vicinity of secondary phases, it follows that
morphologies of the second phase particles in the main
magnesium matrix are of prime importance to the overall
corrosion resistance. This points out that although AZ80 alloy
contains a somewhat less amount of aluminum than AZ91D
alloy, aluminum content in the solid solution of AZ80 sample
resulted in a higher overall corrosion resistance than AZ91D.
EIS study and sample surface morphologies both reveal that the
order for corrosion resistance (Rcorr) of all tested alloys in
comparison with unalloyed magnesium is: AZ80 > AZ91 >
AZ31 > AM60 > AXJ530 > Mg. This sequence is in good
conformity with icorr values obtained from Tafel extrapolation
method being, respectively, equal to 10.97, 21.24, 44.95, 53.74,
234.70 and 261.58 lA cm�2 after 12-h exposure in stagnant
perspiration solution at 37 �C. AZ80 alloy is thus expressing a
good durable magnesium material quality in constructing
consumer electronic devices that come in contact with our
hand�s perspiration during usage. We are very optimistic that
near future applications in industry will be extensively making
use of such quality alloy as having high-strength and relatively
good anti-corrosion performance.
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