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Abstract
The electrochemical behavior of a bulk-synthesized MgZn2 intermetallic compound in aerated 0.1 M NaCl solutions has been
studied as a function of pH and applied potential using polarization techniques, electrochemical impedance spectroscopy (EIS),
X-ray photoelectron spectroscopy (XPS), and focused ion beam-transmission electron microscopy (FIB-TEM). The anodic
activity of MgZn2 is seen to decrease with an increase in pH value. Polarization tests reveal two limiting current densities in
pH 4 solution at relatively high and low potentials. At pH 12, passivity is observedwith a lower limiting current density compared
to those observed at pH 4. The corrosion film formed after potentiostatic polarization in the pH 4 solution is composed of a bilayer
at a less negative potential and a single layer at a more negative potential. In the case of pH 12 solution, a protective compact
bilayer film is formed irrespective of the potential within the passive zone. Overall, the corrosion mechanism of MgZn2 is by
early dissolution of Mg leading to a Zn-enriched surface whose subsequent dissolution depends on the value of the applied
potential.
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Introduction

The 7xxx series Al alloys are widely used in the aerospace and
automotive industries, where some properties such as light-
weight and high specific strength are very critical require-
ments. In these alloys, inter-granular corrosion has always
been linked to the dissolution of intermetallic phases such as
MgZn2 which appear along grain boundaries [1–4]. The

MgZn2 is an important hardening phase in 7xxx series Al
alloys and in particular 7005 Al alloy [5, 6].

Studies to date indicate that MgZn2 is anodically active
relative to the Al alloy matrix [7]. Reports by Ramgopal
et al. indicate that MgZn2 is very active with a corrosion
potential of − 1.40 V vs. SCE in neutral 0.5 M NaCl solu-
tion. Yoon and Buchheit reported a corrosion potential of
− 1.24 V vs. SCE for a compositional analog of MgZn2 in
neutral 0.1 M NaCl solution. The breakdown potential of
MgZn2 was attributed to the onset of Zn dissolution by
these authors [5, 6]. These studies reveal that both thermo-
dynamic and kinetic factors are indispensable when con-
sidering the corrosion behavior of MgZn2. Other re-
searchers focused on specific areas such as recent works
by Diler et al. [8, 9] on the corrosion products on MgZn2
exposed to humid air in the presence and absence of NaCl for
4 and 30 days. These investigations revealed that corrosion of
MgZn2 brings about the segregation of Mg at the surface to
mainly form Mg hydroxyl carbonates which lead to a passive
surface. In the inner layers, metallic Zn was reported to coexist
with Mg oxide and hydrozincite. However, these investiga-
tions were carried out under neutral conditions; thus, there is
limited information on the film forming process at pH values
away from the neutral region.
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The environmental pH is indeed important, considering
the fact that the behavior of anodically polarized Mg and
Mg alloys appears not to follow the conventional electro-
chemical theory. This is due to the phenomenon of
Bnegative difference effect^ (NDE) which is capable of
causing local alkalization [10, 11]. It is well known that
Mg forms a protective film under alkaline conditions. On
the other hand, Zn forms an unstable film under alkaline
conditions but forms a pseudo-passive film under near-
neutral conditions [12, 13]. Obviously, some questions
remain regarding the corrosion mechanism of MgZn2 un-
der acidic or alkaline conditions. An investigation over a
pH range can allow for a better understanding and predic-
tion of the role of MgZn2 in 7xxx series Al alloys corro-
sion susceptibility [14, 15]. Studies by Birbilis et al. [2] on
the electrochemical characteristics of bulk intermetallic
phases in Al alloys using the microcell method disclosed
that the electrochemical behavior of intermetallics is more
complicated than the simple noble or active classification
based on corrosion potential or evaluated from the inter-
metallic composition.

MgZn2 is present in high number density in 7xxx
series Al alloys; this has been observed by TEM (diam-
eter ~ 10 nm) along the grain boundaries of the alloy
matrix [16, 17]. The nanometer-ranged size of MgZn2
has limited the use of conventional electrochemical and
microelectrochemical testing methods which require a
larger surface area for experiments [18]. In addition to
the use of the microelectrochemical testing methods in
investigating the intermetallic phases present in an alloy,
other options are to produce thin film analogs by flash
evaporation [5, 6] or to synthesize the bulk MgZn2 in-
termetallic compound using information provided in
equilibrium diagrams [19]. Bulk synthesis allows for a
more elaborate electrochemical and surface product char-
acterization because of the increased sample size.

Acquisition of information on the initial corrosion films
increases experimental requirements because the film can
be very thin and easily damaged. This calls for sensitive
analytical techniques such as the X-ray photoelectron
spectroscopy (XPS) and focused ion beam-transmission
electron microscopy (FIB-TEM). XPS provides good sen-
sitivity that permits the qualitative and quantitative analy-
sis of corrosion films [20, 21] while the FIB-TEM pro-
vides a good local spatial resolution of the corrosion film
[22, 23]. In the FIB-TEM technique, an area of interest on
the corroded surface is usually coated with Pt or Au. This
area of the sample is then cut out using a focused ion
beam such that the corrosion film is sandwiched between
the coating and the matrix. The cutout TEM lamella is
then milled to a dimension that can enable the direct trans-
mission of electrons. Using the TEM lamella, information
such as the TEM image and energy dispersive X-ray

(EDX) spectrum as well as the selected area electron dif-
fraction pattern (SAED pattern) can be acquired. FIB in
combination with other techniques like glow discharge
spectrometry (GDS), TEM, and XPS has been successful-
ly employed in the study of corrosion films [22–25].

The aim of this paper is to improve our understanding
of the electrochemical behavior of a bulk-synthesized
MgZn2 as a function of pH in an aerated 0.1 M NaCl
environment. To clarify certain aspects of the film forma-
tion process, XPS was carried out on the film formed in
pH 4 and pH 12 solutions while TEM was conducted on
the FIB-prepared lamellae of the corrosion film formed in
pH 4 solutions.

Experimental

Electrochemical tests

The bulk-synthesized MgZn2 intermetallic phase was
manufactured by China Material Technology Co. Ltd as
described in our previous report [26]. The bulk form of
MgZn2 was produced by the combination of commercially
pure Mg (99.99%) and pure Zn (99.99%) in the atomic
ratio of 1:2 which were then melted in a furnace under
vacuum conditions. The melt was cast into a mold, heat
treated, and thereafter machined into cylindrical ingots
with a diameter of 1 cm. The details of the synthesis of
the as-received MgZn2 ingots were sourced from the equi-
librium phase diagram. The elemental composition given
by energy dispersive X-ray spectroscopy (EDX) analysis
revealed that the atomic percentages of Mg and Zn are
33.2% and 66.8%, respectively. This indicates that the
Mg/Zn atomic ratio is 1:2 as expected with the molecular
formula of MgZn2.

The bulk-synthesized MgZn2 were mounted in contact
with epoxy resin with an exposed surface area of about
0.50 cm2. The sample surfaces were then ground down to
3000 grit with silicon carbide papers, cleaned with ethanol,
dried in warm air, and immediately taken for electrochem-
ical tests. The solutions were prepared using analytical
grade chemicals and distilled water. Electrochemical mea-
surements were carried out in a corrosion cell containing
300 mL of test solution. The setup consisted of a three-
electrode system with MgZn2 as a working electrode, plat-
inum (Pt) plate as a counter electrode, and the saturated
calomel electrode (SCE) as a reference electrode [27]. All
electrochemical measurements were carried out in 0.1 M
NaCl solution in an aerated environment at an ambient
temperature of (21 ± 2 °C). The pH adjustments of the test
solutions were done using acid and alkali to desired values
of 2, 4, 6, 10, and 12. The exposed edges of the sample
surface were coated with silicone to prevent the occurrence
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of crevice corrosion between the electrode and the epoxy
mount [28]. All electrochemical experiments were carried
out using a PARSTAT 4000 potentiostat.

Anodic potentiodynamic polarization tests were carried
out at a scan rate of 0.5 mV/s after monitoring the open
circuit potential (OCP) for 10 min. Potentiostatic polariza-
tion tests were carried out on another set of freshly pre-
pared MgZn2 electrodes in pH 4 (− 1.10 V vs. SCE and −
1.23 V vs. SCE) and pH 12 (− 1.10 V vs. SCE) solutions.
After potentiostatic tests, EIS measurements were taken at
7 points per decade within a frequency range of 105 Hz to
10−2 Hz and with an amplitude perturbing signal of 5 mV
[29]. The fitting of the impedance data was done using the
ZSimpWin software. To ensure the reducibility of the re-
sults, all electrochemical measurements were taken repeat-
edly. The potentiostatic and EIS tests were carried out to
ascertain the influence of the applied potential in the na-
ture of the corrosion film.

Corrosion film characterization

XPS analysis was carried out in order to ascertain the chemical
composition of the corrosion films after potentiostatic tests in
pH 4 and 12 solutions. XPS was carried out using the
ESCALAB 250 (Thermo VG) with an X-ray source corre-
sponding to the K peak (1486.6 eV) of Al. The spectrom-
eter power was 150 W with a step size of 0.1 eV and a pass
energy of 50.0 eV. The depth profile of the corrosion films
was done by sputtering with Ar+ with an energy of 2 kV
and a current of 2 A. The XPS data were analyzed with
XPSPEAK 4.1 software.

In order to confirm the chemical composition of the
films at different potentials, the film corroded in pH 4
solution was analyzed by FIB-TEM. The JOEL (JEM-
2100 F) TEM microscope equipped with an EDX detec-
tor system was used. The acceleration voltage was
200 kV and the spot size of the beam was 1.2 nm.
The TEM lamellae were prepared by a cryo-FIB milling
system with Ga ion sputtering. A layer of tungsten was
sputtered on an area of interest on the platinum-coated
surface of the corroded MgZn2 specimen. The FIB lift-
out method was used to extract a cross-sectional lamella
of the corroded MgZn2 surface. This lamella was used
for the TEM-EDX/SAED analysis [23]. The EDX line
scans and SAED patterns were then acquired to deter-
mine the elemental profile and the chemical composition
of the corrosion films. The SAED patterns were ana-
lyzed using the Gatan digital micrograph and Jade
XRD pattern processing software. All measured lattice
spacing values, d, were referenced to the inorganic crys-
tal structure diffraction (ICSD) pattern crystallographic
database [22].

Result

Potentiodynamic polarization

The anodic potentiodynamic polarization curves of MgZn2
at different pH values in 0.1 M NaCl solutions are shown
in Fig. 1. Active anodic dissolution is observed at pH 2
with a relatively high corrosion current density. A lower
dissolution rate is observed at pH 4 with two passive re-
gions. These regions are seen between ~ − 1.20 and −
1.25 V vs. SCE and between − 1.00 and − 1.15 V vs.
SCE with limiting current densities of about ~ 10 μA/
cm2 and 40 μA/cm2, respectively. In this context, the term
passivity is used to rather loosely describe the similar to
the noble behavior of MgZn2 under conditions where ther-
modynamics predicts rapid dissolution [30]. The final
breakdown potential is seen at about − 1.00 V vs. SCE
after which the trans-passive region prevailed. At pH 6,
a lower anodic activity is seen compared to that at pH 4.
At pH 10, a passive region is observed between − 1.00 and
− 1.15 V vs. SCE and the anodic activity is lower than that
observed at lower pH values. At pH 12, a defined passive
region is seen between − 0.90 and − 1.20 V vs. SCE with a
comparatively low limiting current of ~ 5 μA/cm2 and a
breakdown potential of − 0.90 V vs. SCE. Overall, the
anodic activity of MgZn2 decreases with an increase in
pH value from pH 2 to pH 12. This suggests that the
stability of the corrosion products formed increases with
an increase in the pH [26].

Based on the E-pH diagram of Mg-H2O and Zn-H2O
system, both Mg and Zn would exhibit active dissolu-
tion in the pH 4 solution [30]; however, distinct limiting
current densities are seen at pH 4 during potentiody-
namic polarization test (Fig. 1). In order to confirm
the unexpected results, further electrochemical tests

Fig. 1 Potentiodynamic polarization curves of MgZn2 in aerated 0.1 M
NaCl solution at pH 2, 4, 6, 10, and 12 (scan rate, 0.5 mV/s)
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(potentiostatic polarization and EIS) were carried out on
MgZn2 in pH 4 and pH 12 (for comparison) solutions.
Also, the pH after the potentiostatic tests was recorded
to find out the possible contribution of pH change to
the observed phenomena.

Potentiostatic polarization

The potentiostatic current transients of MgZn2 in 0.1 M
NaCl solution at pH 4 (− 1.10 V vs. SCE and − 1.23 V vs.
SCE) and pH 12 (− 1.23 V vs. SCE) are shown in Fig. 2.
The current transients are seen not vary significantly with
time. The average values recorded at pH 4 (− 1.10 V vs.
SCE) and pH 4 (− 1.23 V vs. SCE) are ~ 40 μA/cm2 and ~
10 μA/cm2, respectively. This indicates that the anodic
dissolution rate of MgZn2 is higher at − 1.10 V vs. SCE
compared to − 1.23 V vs. SCE. At pH 12, potentiostatic
polarization was carried out only at − 1.10 V vs. SCE and
a steady current of ~ 5 μA/cm2 was recorded. These indi-
cate that the anodic dissolution rate is greatly reduced in
pH 12 solution compared with that of pH 4. The relatively
low current density seen at pH 12 solution may be attrib-
uted to the formation of a stable protective film on MgZn2.
Overall, the magnitude of the current density is in the
order: pH 4 (− 1.10 V vs. SCE) > pH 4 (− 1.23 V vs.
SCE) > pH 12 (− 1.10 V vs. SCE).

The pH recorded after potentiostatic polarization at pH 4
(− 1.10 V vs. SCE) and pH 4 (− 1.23 V vs. SCE) are 8.2 and
8.6, respectively. In pH 12 solution, the pH after the
potentiostatic test is 11.8 and is considered not to change sig-
nificantly. Obviously, this pH increase at pH 4 is expected to
have a great influence on the stability of corrosion products
and this is elaborated in the BDiscussion^ section.

XPS analysis of the corrosion film formed on MgZn2

XPS analysis was carried out in order to determine the chem-
ical composition of the corrosion films formed after
potentiostatic polarization in pH 4 and pH 12 solutions. All
binding energies were corrected according to the adventitious
C 1s signal (284.6 eV). The spectral lines were deconvolved
for the binding energies of O 1s, Mg 1s, and Zn 2p3/2.

O 1s data

The high-resolution O 1s spectra at different sputtering times
obtained for the corrosion film formed on MgZn2 after
potentiostatic polarization at pH 4 and pH 12 are shown in
Fig. 3. The sputtering time is directly proportional to the
sputtering depth from the film surface into the film. The asym-
metric spectra indicate the presence of different compounds of
oxygen in the corrosion film. The spectral peaks at 531.0 eV,
532.8 eV, and 530.2 eV correspond to Mg–O, Mg–OH, and
Zn–O bonds, respectively.

Figure 3a gives the O 1s spectra at pH 4 (− 1.10 V vs. SCE)
after sputtering for 30 s. Peaks corresponding to MgO/
Mg(OH)2 are detected and are also present all across the film
thickness. However, the intensity of Mg(OH)2 is higher than
that of MgO at the near surface and decreases with sputtering
time. This suggests that the outermost part of the corrosion
film is dominated by Mg(OH)2. Similar observations were
made by Wang et al. after potentiostatic polarization of two
magnesium alloys, AZ31 and AZ91, at − 1.30 V vs. SCE and
− 1.50 V vs. SCE [31]. Mg(OH)2 dominated the film/solution
interface due to the very high probability of hydration ofMgO
[24, 25]. With continuous sputtering into the film formed at
pH 4 (− 1.10 V vs. SCE), an additional peak (530.2 eV) cor-
responding to ZnO is detected in the inner layer after
sputtering for 180 s (Fig. 3d). This mixture of Mg and Zn
compounds in the inner layer at − 1.10 V vs. SCE indicates
that the initial preferential dissolution of Mg is succeeded by
Zn oxidation. It can be inferred that the corrosion film is strat-
ified into a bilayer comprising of an outer layer dominated by
Mg compounds and an inner layer dominated byMg/Zn com-
pounds. It has been reported elsewhere that the main corrosion
product of Zn in the dilute aqueous solution of NaCl is ZnO
[13, 32]. The formation of similar multiple layers of corrosion
products by Mg alloys has been reported by Yao et al. and
Santamaria et al. [33, 34].

Figure 3b shows the O 1s spectra at pH 4 (− 1.23 V vs.
SCE) after 30 s of sputtering. MgO/Mg(OH)2 were detected,
and with the progress of sputtering into the inner layers of the
film, no additional spectral peak is seen for ZnO compounds.
This suggests the enrichment of un-oxidized Zn on the matrix/
film interface. The relative intensity of the Mg(OH)2 signal
also decreased while that of MgO increased with increase in
sputtering time up to 180 s (Fig. 3e).

Fig. 2 Potentiostatic current transients of MgZn2 in 0.1 M NaCl solution
at pH 4 (− 1.10 V vs. SCE and − 1.23V vs. SCE) and pH 12 (− 1.23 V vs.
SCE)
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Figure 3c gives the O 1s spectra at pH 12 (− 1.10 V vs.
SCE); the results obtained are similar to those at pH 4 (−
1.10 V vs. SCE). The presence of MgO/Mg(OH)2 is detected
all across the film and the inner layer was also dominated by
Mg/Zn compounds (Fig. 3f). In contrast to the film at pH 4,
ZnO was detected at a greater depth after 820 s of sputtering
indicating a thicker outer layer of Mg compounds. These re-
sults suggest that the corrosion film at pH 12 also consists of a
bilayer comprising of a compact outer layer of mainly MgO/
Mg(OH)2 and an inner mixture layer of mainly MgO/
Mg(OH)2/ZnO.

Mg 1s data

The presence of MgO and Mg(OH)2 in the corrosion film was
confirmed by analyzing the Mg 1s data. The Mg 1s high-
resolution spectra after 30 s of sputtering for the corrosion
film on MgZn2 after potentiostatic polarization in pH 4 and
pH 12 solutions are shown in Fig. 4a–c. The slightly asym-
metric curve indicates the presence of different compounds.
The peaks at 1302.7 eVand 1303.9 eV correspond toMg–OH
and Mg–O bonds, respectively. Similar analyses were carried
out for other sputtering times and peaks corresponding to
MgO and Mg(OH)2 were all detected at various depths. The
relative intensities of the species are also in line with the re-
sults obtained from O 1s data.

Zn 2p3/2 data

The Zn 2p3/2 high-resolution binding energy spectra after 180
and 820 s of sputtering for the corrosion film on MgZn2 after
potentiostatic polarization in pH 4 and pH 12 solutions are
shown in Fig. 4d–f. Metallic Zn enrichment is observed which
manifested as a peak at a binding energy corresponding to
1020.9 eV (Fig. 4d–f). At − 1.10 V vs. SCE, the appearance
of the peak at 1022.2 eV [28] confirmed the presence of Zn–O
bond in the inner layer of the corrosion films at pH 4 and
pH 12. The relative intensity of Zn0 is significantly higher
than that of ZnO indicating the initial zinc enrichment follow-
ed by its dissolution. However, at pH 4 (− 1.23 V vs. SCE), all
the Zn are present in the elemental state and no Zn compound
is detected (Fig. 4e). The results agree with those obtained for
O 1s at pH 4 and 12 (Fig. 3).

The XPS results show that at − 1.23 V vs. SCE, no Zn
compound is detected at pH 4 all across the film thickness;
instead, elemental Zn enrichment is observed in the inner lay-
er, whereas a bilayer structure is observed at − 1.10 V vs. SCE
(pH 4 and 12) which is dominated by an outer layer of MgO/
Mg(OH)2 and an inner layer of mainly MgO/Mg(OH)2/ZnO.
These results indicate that the nature of the corrosion film
depends on pH as well as the applied potential. Diler et al.
reported that Mg compounds can migrate towards the surface
of the corrosion film with the inner layers being dominated by
MgO and metallic Zn when MgZn2 is exposed to humid air.

Fig. 3 XPS deconvolved spectra of O 1s at different sputtering times for the corrosion film formed onMgZn2 after potentiostatic polarization at a, d pH 4
(− 1.10 V vs. SCE); b, e pH 4 (− 1.23 V vs. SCE); and c, f pH 12 (− 1.10 V vs. SCE) solutions
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The observation is linked to the selective dissolution of Mg
due to its higher electrochemical activity [9, 19]. Since their
study was carried out under open circuit conditions, the ab-
sence of Zn compound is consistent with the results observed
at relatively lower applied potential in this study.

FIB/TEM analysis of the corrosion film formed
on MgZn2

In order to confirm the elemental distribution and composition
of the corrosion films formed at different applied potentials,
FIB/TEM was carried out after potentiostatic tests at pH 4
only. The STEM images of the FIB-prepared lamella of the
as-cut MgZn2 corroded surface are shown in Fig. 5a and b.
The layer of corrosion films formed can be seen sandwiched
between platinum and the metal matrix. The film at − 1.10 V
vs. SCE is considerably thicker than that at − 1.23 V vs. SCE.
A film of about 100 nm is formed on the sample surface at −
1.10 V vs. SCE while that formed at − 1.23 V vs. SCE is just a
few tens of nanometers.

EDX cross-sectional scan

The FIB-prepared lamella was subjected to further analysis in
order to get quantitative information on the distribution of
elements in the corrosion film section. The EDX scan across

the film formed on the MgZn2 specimen at − 1.10 V vs.
SCE and − 1.23 V vs. SCE is presented in Fig. 6. At −
1.10 V vs. SCE, the atomic percentage of O decreased
with distance from the outer film towards the sample
matrix and that of Zn increased to a steady value within
the film while that of Mg dropped and remained fairly
constant. It can be seen that the corrosion film is made
up of two layers of the different compositions shown by
the gray shades (Fig. 6b). At − 1.23 V vs. SCE, the
corrosion film is observed to be composed of just a layer
of majorly MgO compounds (Fig. 6d).

TEM-SAED analysis

Additional information on the composition of the corrosion
film was obtained using SAED. The selected area for anal-
ysis is marked by a circular boundary shown in Fig. 6a and
c. The SAED patterns of the corrosion film on MgZn2 after
potentiostatic polarization at pH 4 (− 1.10 V vs. SCE) and
pH 4 (− 1.23 V vs. SCE) are shown in Fig. 7. Diffraction
spots from the corrosion films were identified and the cor-
responding r values were determined (Table 1). The d-
spacing was then calculated from the r values and com-
pared with standard ICSD data from which the hkl values
were assigned to the corresponding compounds (Fig. 7)
[24, 25]. Table 1 shows the determined lattice spacing of

Fig. 4 XPS deconvolved spectra of a–cMg 1s and d–f Zn 2p for the corrosion film formed onMgZn2 after potentiostatic polarization at pH 4 (− 1.10 V
vs. SCE), pH 4 (− 1.23 V vs. SCE), and pH 12 (− 1.10 V vs. SCE) solutions
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the particles in the corrosion film on MgZn2 and their cor-
responding hkl values. It can be observed in this table that
the lattice spacing of the particles in the oxide film matches
those of the tabulated compounds in the reference data-
base. The difference between the measured and calculated
d (nm) for the hkl planes is less than ~ 2%. This is consid-
ered to be within acceptable limits for calibrated diffraction
patterns of SAED analysis [22].

It is worth mentioning and reiterating that the outer cor-
rosion layer at − 1.10 V vs. SCE is too thin to be selectively
mapped out for SAED analysis (Fig. 6b). However, do-
mains within the inner layer at − 1.10 V vs. SCE and the
single layer at − 1.23 V vs. SCE were successfully selected
for electron diffraction analysis. The compounds identified
in the inner part of the bilayer at − 1.10 V vs. SCE are
dominated by Mg/Zn compounds while those identified
in the single layer at − 1.23 V vs. SCE are dominated by
Mg compounds (Fig. 7).

The difference in the surface chemistry of the corrosion
film formed on the surface at different potentials which were
shown in the XPS analysis (Figs. 3 and 4) was thus validated
by FIB/TEM (Figs. 6 and 7).

EIS analysis

EIS is a very useful and non-destructive technique for the
characterization of the stability of the corrosion films [35].
The EIS results after potentiostatic polarization at pH 4 and
pH 12 in 0.1 M NaCl solution are given by the Nyquist and
Bode plots in Fig. 8a and b. The validity of EIS results may
not be easily ascertained by mere inspection of the EIS data,
especially when the data is distorted by experimental proce-
dures. To check the validity of the EIS data, the Kramers–
Kroning (K–K) relationships were applied to the measured
data [36, 37]. Any system that meets the a priori conditions
of stability, linearity, and causality is expected to satisfy the
K–K relationships. The K–K relationship transforms the real
component of the impedance into the imaginary component
and vice versa, thus enabling the transformed quantities to be
compared directly with their corresponding experimental
values for the same parameters. Figure 8c shows the K–K
transformations of the real and imaginary components of the
EIS data. The K–K transformation shows good agreement
between the experimental and transformed impedance data
for both real and imaginary components; thus, the system
under study complies with the linearity, stability, and cau-
sality constraints of linear system theory, thereby validat-
ing the EIS data.

The Nyquist plots (Fig. 8a) shows depressed semi-circles
whose diameters are directly proportional to the corrosion
resistance [38]. The diameter at pH 12 is larger than the one
at pH 4 implying that MgZn2 is more corrosion resistant at
pH 12. Bode plots (Fig. 8b) indicate that the phase angle peak
value at pH 12 (− 76°) is higher compared to pH 4 (− 58° at −
1.23 V vs. SCE and − 53° at − 1.10 V vs. SCE). In the Bode
modulus plot (Fig. 8b), the module value of impedance in the
low-frequency region could be used to evaluate the corrosion
resistance qualitatively. In Fig. 8b, the higher values of the
impedance at pH 12 compared to that at pH 4 indicate a higher
resistance of MgZn2 towards corrosion at pH 12 [30]. A qual-
itative assessment of Fig. 8a and b shows that the highest
corrosion resistance is recorded in pH 12 (− 1.10 V vs. SCE)
solution followed by pH 4 (− 1.23V vs. SCE) then by pH 4 (−
1.10 V vs. SCE).

According to AC circuit theory, an impedance plot ob-
tained for a given electrochemical system can be correlated
with one or more equivalent circuits [30, 35]. A quantita-
tive analysis of the data was carried out by fitting the ex-
perimental data with the equivalent circuits shown in
Fig. 8d. The equivalent circuit (I) is used to model the
corrosion behavior at pH 4 (− 1.23 V vs. SCE) in which a

Pt

Matrix

Film

Pt

Matrix

Film

a

b

Fig. 5 STEM images of the focused ion beam (FIB)–prepared sample of
MgZn2 specimen after potentiostatic polarization in 0.1 M NaCl at pH 4,
a − 1.10 V vs. SCE and b − 1.23 V vs. SCE
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single layer of corrosion film is formed. The equivalent
circuit (II) is adopted in order to accommodate the
bilayered film formed at pH 4 (− 1.10 V vs. SCE) and
pH 12 (− 1.10 V vs. SCE). The components of the circuit
are Rs, Qdl, Rct, Q1, R1, Q2, and R2 which represent the
resistance of the solution, the capacitance of the double
layer, charge transfer resistance, the capacitance of the out-
er corrosion film, the resistance of the outer corrosion film,
the capacitance of the inner corrosion film, and the resis-
tance of the inner corrosion film, respectively. A constant
phase element (CPE) denoted by Q in the equivalent circuit
is used to represent the behavior of a nonideal capacitor
[39–41]. CPE has to do with the distribution of surface
roughness, and heterogeneity, electrode porosity, slow ad-
sorption reactions, non-uniform potential, and current dis-
tribution. The impedance of the CPE is given by Eq. (1).

ZCPE ¼ Q jωð Þn½ �−1 ð1Þ
where ZCPE is the relevant impedance, Q is the CPE con-
stant (Ω−1 cm−2 sn), j2 = − 1, ω is the circular frequency,
and n is the CPE exponent which characterizes deviation
of the system from the ideal capacitive behavior The value
of n is such that 0 ≤ n ≤ 1, when n = 1, the CPE can be
identified as a capacitance [42–45].

The optimum EIS parameters obtained after fitting the
measured values with the equivalent circuit model are illus-
trated in Table 2. The measured curves are in good agreement
with the calculated curves. The standard deviation X-squared
value is of the order 10−4. The constant phase element is seen
to vary; generally, the lower the constant phase element, the
more compact the corrosion film. The electric double layer at a
metal surface does not generally behave as a pure capacitance,
but rather it behaves as an impedance displaying a frequency-
independent phase angle. The effective capacitance Ceff can
be calculated from the constant phase element using Brug’s
formula [44, 46–49] given in Eq. (2).

Ceff ¼ Q1=n Rs Rct

Rs þ Rct

� � 1−nð Þ=n
ð2Þ

The Ceff values obtained at pH 4 (− 1.10 V vs. SCE), pH 4
(− 1.23 V vs. SCE), and pH 12 (− 1.10 V vs. SCE) are
27.3 μF/cm2, 13.7 μF/cm2, and 11.7 μF/cm2, respectively.
This shows that the order compactness of the corrosion films
in the different solutions is pH 12 (− 1.10 V vs. SCE) > pH 4
(− 1.23 V vs. SCE) > pH 4 (− 1.10 V vs. SCE). This is in line
with the formation of stable corrosion products by Mg in the
alkaline regime.

Fig. 6 STEM image showing the
locations of the analyses and
EDX cross-sectional line scan of
the corrosion film on MgZn2
surface after potentiostatic
polarization at a, b − 1.10 V vs.
SCE and c, d − 1.23 V vs. SCE
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The value of n may be linked to the surface roughness,
inhomogeneous reaction rates, and heterogeneous current
distribution [32]. The closer the value of n is to 1, the
closer the behavior of Q is to that of an ideal capacitor.
The lower the values of Q, the more compact the corrosion
film. The Q1and Q2 values at pH 12 (− 1.10 V vs. SCE)
are less than the values at pH 4 (− 1.10 V vs. SCE); this
indicates that a more compact film is formed at pH 12
compared to pH 4 at similarly applied potentials.
However, the Q1 values at pH 4 (− 1.23 V vs. SCE) are
less than those at pH 4 (− 1.10 V vs. SCE), indicating that
a more compact film is formed at − 1.23 V vs. SCE in
pH 4 solution.

Table 2 shows that R1 and R2 are larger at pH 12
compared to those at pH 4; this indicates increased cor-
rosion resistance due to the stable corrosion film is
formed in the alkaline region [28, 32]. The EIS results
show that the highest polarization resistance (Rct + R1 +
R2) is recorded at pH 12 (− 1.10 V vs. SCE) followed by
pH 4 (− 1.23 V vs. SCE) and then pH 4 (− 1.10 V vs.
SCE). This trend is consistent with the polarization tests
(Figs. 1 and 2) in which the order of current density evolved is
pH 4 (− 1.10 V vs. SCE) > pH 4 (− 1.23 V vs. SCE) > pH 12
(− 1.10 V vs. SCE).

Discussion

The results show that the electrochemical behavior of MgZn2
greatly depends on pH as well as applied potential in aqueous
solutions. Active dissolution of MgZn2 occurs at pH 2 and the
anodic activity decreases with the increase in pH from 2 to 12
(Fig. 1). The corrosion potential of MgZn2 in 0.1 M NaCl is
between − 1.07V vs. SCE and − 1.28V vs. SCE across the pH
range studied which is within the range reported in the litera-
ture [5, 6]. Considering the standard electrode potential of Mg
and Zn which is − 2.37 V vs. SHE and − 0.76 V vs. SHE,
respectively, Mg would preferentially dissolve when present
with Zn in a solution [50]. Thus, whenMgZn2 is exposed to an
aqueous solution, Mg dissolves preferentially as expressed in
Eq. (3). This dissolution is usually accompanied by the evo-
lution of hydrogen gas (Eq. (4)) in acidic media [51–54].

Mg→Mg2þ þ 2e− ð3Þ
2Hþ þ 2e−→H2 ð4Þ

From thermodynamic predictions and Pourbaix diagrams,
no stable film is expected to be formed by Mg with pH < 10.5
although stable Zn compounds may be formed in near neutral
solutions. However, at pH 4, MgZn2 behaves as though the

Fig. 7 SAED patterns of the
corrosion film on MgZn2 after
potentiostatic polarization at a −
1.10 V vs. SCE and b− 1.23 V vs.
SCE
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corrosion film is protective even though the precipitated cor-
rosion film is expected not to be thermodynamically stable.
The factors that may be responsible for this observation in the
pH 4 solution are elaborated below.

Firstly, metallic Zn enrichment is particularly pivotal in
understanding the electrochemical behavior of MgZn2, es-
pecially in pH 4 solutions where Zn dissolution is limited
due to the open circuit potential of MgZn2 which is below
the reversible potential of Zn in aqueous solutions. The
dissolution of Mg and Zn is only feasible at potentials
above their respective corrosion potentials. The corrosion
potential of pure Zn and Mg in 0.1 M NaCl solutions has
been widely reported to be − 1.05 V vs. SCE and − 1.30 V
vs. SCE, respectively [10, 13], while that of MgZn2 is −
1.27 V vs. SCE (Fig. 1). Obviously, the electrochemical
response of MgZn2 would be influenced by the electro-
chemistry of both Mg and Zn. The corrosion potential of
Mg is below that of MgZn2; hence, it corrodes freely
above the OCP of MgZn2 (Fig. 4f). The equilibrium po-
tential for Zn2+/Zn redox couple is greater than that for
Mg2+/Mg redox couple; therefore, at − 1.23 V vs. SCE,
the dissolution of Zn is not thermodynamically favorable.
This leads to elemental Zn enrichment and a decrease in
the anodic dissolution rate. This phenomenon of enrich-
ment of more noble metals at the surface of Mg alloys
after the dissolution of fractions of monolayers has been
reported [55, 56]. At potentials slightly above the OCP of
MgZn2 (− 1.23 V vs. SCE), metallic Zn-enriched surface
is trapped within a window of highly limited activity.
Consequently, the anodic activity on MgZn2 decreases
and the corrosion rate is suppressed thus the limiting cur-
rent density seen in Fig. 1. Given that Zn is within its
immunity domain at potentials lower than − 1.05 V vs.
SCE [13], the surface tends to be inactive with respect to
Zn giving rise to corrosion products dominated by MgO/
Mg(OH)2 at − 1.23 V vs. SCE (Figs. 3, 4b, and 7b). As the
applied potential increases high enough (− 1.10 V vs. SCE),
appreciable amounts of Zn begin to dissolve giving rise to a

second layer (dominated by Mg and Zn compounds) beneath
the initially formed layer (Figs. 3 and 7a). A higher limiting
current density was recorded at − 1.10 V vs. SCE (compared
with that at − 1.23 V vs. SCE); this is attributed to the onset of
Zn dissolution as its corrosion potential is approached [5, 13].
The consequence of the above is the formation of a bilayer at
− 1.10 V vs. SCE and monolayer at − 1.23 V vs. SCE (Fig. 6).

Secondly, the stabilization of corrosion products due to
possible alkalization which accompanies the anodic dissolu-
tion of Mg under polarization of MgZn2 is also a crucial issue
to be considered. The behavior of anodically polarized Mg
appears to show anodic hydrogen evolution (AHE) due to a
negative difference effect (NDE) which is accompanied by
local alkalization consistent with Eq. (5) [57–60].

2H2Oþ 2e−→2OH− þ H2 ð5Þ

The pH of the system at an initial pH of 4 is observed to rise
to values between 8.2 and 8.6 after polarization tests. This is in
line with recent reports by Williams et al. [11] who provided
the visualization of local cathodes propagating on the surface
of dissolving Mg undergoing anodic polarization. Similar re-
ports have also been independently authenticated by other
research groups [61, 62]. Furthermore, even when the bulk
solution pH is as low as 4, pH values which are above 10 have
been theoretically calculated and experimentally measured for
corroding Mg surfaces [63, 64]. Obviously, significant
alkalization occurs very close to the MgZn2 surface in an
acidic medium and this alkalization favors the stabilization
of corrosion products (Eqs. (6) and (7)) which is demonstrated
by XPS results (Fig. 3).

Mg2þ þ OH−→Mg OHð Þ2 ð6Þ
Mg OHð Þ2 →MgOþ H2O ð7Þ

At elevated potentials (− 1.10 V vs. SCE), anodic dissolu-
tion of Zn proceeds by Eq. (8) and the corrosion products are
consistent with Eq. (9). These Zn compounds can bring about

Table 1 Determined lattice
spacing, d (nm), of the nano-
crystalline particles in the
corrosion film formed on MgZn2
at pH 4

Potential hkl Compound Measured d (nm) Calculated d
(nm) ICSD

− 1.10 V vs. SCE 100 ZnO 0.28 0.28

002 ZnO 0.26 0.26

210 MgO 0.20 0.21

102 Mg(OH)2 0.18 0.18

003 Mg(OH)2 0.16 0.16

− 1.23 V vs. SCE 111 MgO 0.25 0.24

200 MgO 0.20 0.21

012 Mg(OH)2 0.18 0.18

110 Mg(OH)2 0.16 0.16

222 MgO 0.12 0.12
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volume expansion and growth of the inner film and an in-
crease in the porosity of the film [13, 65].

Zn→Zn2þ þ 2e− ð8Þ
Zn2þ þ 2OH−→ZnOþ H2O ð9Þ

Although ZnO is thermodynamically stable in the near
neutral environment, it does not form an effective barrier
against corrosion. In the literature, a domain of pseudo-
passivity of Zn has been reported to exist between pH 4 and
pH 10 solutions [13, 65]. However, even though the corrosion

products are expected to be unstable in pH 4 solution, the
dissolution kinetics may be slow and a surface corrosion film
can still be formed onMgZn2 provided the dissolution kinetics
are not faster than the formation kinetics [66].

Nevertheless, it is worth reiterating that the corrosion films
formed in pH 4 solutions are not really passive and so do not
offer effective protection for MgZn2 especially when com-
pared to the stable film formed at pH 12 which offers greater
protection (Fig. 8). In pH 12 solution, corrosion of MgZn2
occurs mainly by the formation of stableMgO/Mg(OH)2 films
with ZnO in the inner layers [67].

Fig. 8 Electrochemical impedance response of MgZn2 after
potentiostatic polarization in 1.0 M NaCl solution at pH 4 (− 1.10 V vs.
SCE and − 1.23V vs. SCE) and pH 12 (− 1.10 V vs. SCE). aNyquist plot
(the frequencies indicated correspond to the frequency of the time
constant of the corrosion films), b Bode plot (modulus vs. frequency)

and Bode plot (phase angle vs. frequency), and c K–K transforms of the
real (Zre in kΩ cm2) and imaginary (Zim in kΩ cm2) components of the EIS
data. The continuous lines represent the fitted data. d Impedance
equivalent circuit models
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In summary, a comparison of the electrochemical be-
havior of MgZn2 at pH 4 and 12 (Fig. 4) reveals similar
film structures in each of the two solutions at − 1.10 V
vs. SCE. In contrast, the outer layer of MgO/Mg(OH)2
at pH 12 is thicker and more compact than that at pH 4
(Figs. 3, 4, and 8) and it is not affected by the applied
potential within the passive zone (Fig. 1). Partially sta-
ble films manifest at pH 4 while a stable film is ob-
served at pH 12. In alkaline media, solubility factors
become more important, thereby promoting the forma-
tion of stable MgO/Mg(OH)2 layer. Hence, the corrosion
resistance of MgZn2 can be understood based on the
stability of Mg corrosion products and metallic Zinc
enrichment.

Conclusions

The following conclusions have been drawn from the obtain-
ed results:

1. The electrochemical behavior of MgZn2 depends on pH
as well as applied potential. The anodic activity of MgZn2
decreases with an increase in pH value.

2. The corrosion film formed in pH 4 solution at a less neg-
ative potential (− 1.10 V vs. SCE) is stratified into a bi-
layer which comprises of an outer layer dominated by
MgO/Mg(OH)2 and an inner layer dominated by MgO/
Mg(OH)2/ZnO. The film formed at a lower potential (−
1.23 V vs. SCE) is a single layer dominated by MgO/
Mg(OH)2. The film at pH 12 (− 1.10 V vs. SCE) is com-
prised of a compact bilayer of MgO/Mg(OH)2 outer layer
and MgO/Mg(OH)2/ZnO inner layer.

3. EIS results indicate that the corrosion resistance ofMgZn2
at pH 12 is significantly higher than that at pH 4 owing to
the increased stability of corrosion products in the alkaline
region. At pH 4, the corrosion resistance at − 1.23 V vs.
SCE is higher than that at − 1.10 V vs. SCE.

4. Generally, the corrosion ofMgZn2 in 0.1MNaCl solution
proceeds with the initial preferential dissolution of Mg
leading to Zn enrichment whose subsequent dissolution
depends on pH and applied potential.
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