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ABSTRACT: Dynamic electrochemical impedance spectroscopy (dynamic EIS)
has the capacity to track changes on surfaces in a changing corrosive system, an
advantage it holds over classical EIS. We used the dynamic EIS approach to
provide insight into the corrosion behavior of the AZ91D Mg alloy in simulated
body fluid for 30 h at 25 °C. The results reveal that the impedance response of
the alloy is influenced by the immersion time. Between 0 and 7 h, impedance with
three time constants was obtained, whereas two-time-constant impedance spectra
were obtained between 8 and 30 h of immersion. The results confirm the
breakdown of the corrosion product at longer immersion times.

1. INTRODUCTION

Magnesium and its alloys are highly desirable in biomedical
applications. They exhibit excellent biodegradable and
compatible features. They also possess an elastic modulus,
compressive strength, and density that are comparable to those
of human bones.1,2 Nowadays magnesium alloys are proposed
as resorbable osteosynthesis devices. The possibilities to use
magnesium as biodegradable orthopedic devices have been
studied since the beginning of the 1900s because of the
expected economic contribution to be made in this field.3 The
most interesting aspect of magnesium is its possibility to
dissolve in the human body, avoiding the necessity to remove
the implant after the fracture consolidation. Unfortunately,
magnesium is highly reactive in human body fluids, with
corrosion rates of >30−40 mm/year.4,5 Actually there are not
enough commercially available magnesium devices, but
research is highly concentrated on their development.6

Improving the corrosion resistance property of this metal
requires an in-depth understanding of the mechanism of
corrosion.7−9 Corrosion scientists have applied several
corrosion-monitoring techniques to study the degradation
pattern of Mg and its alloys in physiological systems. Wen et
al.5 investigated the corrosion behavior of Mg and its alloys in a
modified simulated body fluid using electrochemical and
surface morphological techniques. They observed that the
metals heterogeneously corroded in the studied medium.
Jamesh et al.2 reported that the corrosion rate of Mg−Y−Re
and Mg−Zn−Zr was higher in the initial stage of exposure to
simulated body fluid and that Ca10(PO4)2, Ca3(PO4)2·3H2O,
and Mg(OH)2 were the corrosion products. Frkry and El-

Sherif,1 Liu et al.,10 Ascencio et al.,11 and Chen et al.12 had also
investigated the corrosion mechanism of Mg and its alloys in
simulated body fluid.
Of all of the electrochemical corrosion measurement

techniques used by the corrosion scientists in studying the
corrosion pattern of Mg and its alloys in simulated body fluid,
electrochemical impedance spectroscopy (EIS) enjoyed the
highest patronage.1,3,11,12 EIS performs reliably when three
cardinal requirements of linearity, causality, and stationarity are
followed.13 The first two conditions are easily achieved, but the
last is practically impossible. As such, the EIS has witnessed
constant modification. The latest version of the EIS is the
dynamic EIS operated in galvanostatic mode. The dynamic EIS
uses short-time Fourier transform coupled with a multisinusoid
perturbation signal that allows the tracking of short-term
changes on a metal surface in a nonstationary system with
time, temperature, and current. This technique is for now the
most reliable technique for corrosion measurements since the
corrosion process is dynamic in nature.14 Detailed information
pertaining to the development and workability of the dynamic
EIS can be found in Darowicki et al.15,16 as well as in Gerengi17

and Slepski.16,18
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In this study, we apply dynamic EIS in conjunction with
other techniques (potentiodynamic polarization, scanning
electron microscope, and energy-dispersive spectroscopy) for
the first time to study the long-term corrosion behavior of
AZ91D Mg alloy in simulated body fluid. A corrosion
measurement was performed for 30 h. The AZ91D Mg alloy
was chosen at the expense of others because it satisfies the
general requirements for biomaterials including good mechan-

ical strength, biodegradation, and biocompatibility, and the
tough dissolution of the alloy involves problems of
cytocompatibility.19

2. RESULTS AND DISCUSSION
2.1. Dynamic EIS Studies. There is inconsistency in the

impedance spectra obtained for the corrosion of Mg and its
alloys in simulated body fluid, and as an effect, different

Figure 1. Plots showing changes in the electrochemical impedance spectra for the AZ91D Mg alloy in simulated body fluid with immersion time.
(a) DEIS spectra after 30 h, (b) DEIS and Nyquist spectra after 0−7 h, and (c) DEIS and Nyquist spectra after 7−30 h.

Figure 2. Bode and phase-angle plots for the AZ91D Mg alloy in simulated body fluid after 1 and 30 h of immersion time.
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interpretations have been given. For the AZ91D Mg alloy in
simulated body fluid, spectra with one, two, and three time
constants have been reported.1,5 The reason might not be far
from the differences in the time of impedance measurements,
and, most likely, the inability to achieve a stable state condition
before measurements. Gawel et al.20 recently raised an alarm
about the inconsistencies in impedance diagrams and
interpretations for the plasma electrolytic oxidation coating
corrosion process and suggested the use of a dynamic EIS
technique operated in galvanostatic mode based on continuous
multisinusoidal excitation. Figure 1 presents the electro-
chemical impedance spectra recorded for the AZ91D Mg
alloy in simulated body fluid for 30 h using the dynamic EIS
approach.
As could be clearly seen in Figure 1, two kinds of spectra are

present. Between 0 and 7 h (Figure 1b), spectra with two
capacitive loops at high and medium frequencies and an
inductive loop at low frequencies corresponding to three time
constants in the Bode impedance graph (Figure 2) are seen.
The capacitive loop in the high-frequency region is associated
with the charge-transfer resistance (Rct) and double-electric-
layer capacitance at the interface.11 The second capacitive loop
in the middle frequency area corresponds to the resistance and
capacitance of the electrolyte through the corrosion products
on the surface of the metal. The inductive impedance loop in
the low-frequency region is linked to the adsorption and
breakdown of the corrosion products on the interface.21 From
8 to 30 h (Figure 1c), a capacitive and inductive loop at high
and low frequencies can be clearly identified in the spectra.
The impedance arms seem to increase at low frequencies.
Zhang et al.21 had reported the possibility of the diffusive
behavior of the AZ91D Mg alloy in modified simulated body
fluid at longer immersion times. The presence of a diffusive
effect could be explained by means of the formation of a
semiprotective scale of corrosion products with a higher
concentration of zinc with respect to the base alloy.21,22 It is
possible to see this effect in the Bode diagram because the
modulus does not reach an asymptotic value but continually
increases in the presence of an inductive loop and decreases
after a maximum. Esmail et al.23 pointed out that the parameter
of interest with respect to the determination of the “real”
corrosion rate is the low-frequency impedance limit, and Bland
et al.24 demonstrated it by means of EIS tests in conjunction
with spectroelectrochemistry.
Figure 2 presents the Bode and phase-angle diagrams for the

considered alloy after 1 h of immersion and after immersion in
the test solution for 30 h. As could be seen, the value of the
impedance modulus at low frequencies decreases with
immersion time, indicating an increasing corrosion rate. The
two-phase constants become more evident and separate, and
the inductive loop shifts to lower frequencies. Following these
differences in the corrosion behavior of the AZ91D Mg alloy in
the investigated system with immersion time, an
R(Q(R(QR))) equivalent circuit was used for the analysis of
the DEIS spectra obtained between 0 and 7 h, and an
R(Q(R(QR(LR)))) equivalent circuit was used for those at 8−
30 h. The equivalent circuits which are presented in Figure 3
had been previously used by Zhang et al.21 for the analysis of
EIS spectra obtained for CaP/chitosan coated on the AZ91D
magnesium alloy in simulated body fluid. The Rct, corrosion
potential (E), and heterogeneity factor (n) obtained from this
exercise were plotted as a function of immersion time to gain
further insight into the corrosion process.

Figure 4a shows the variation of charge-transfer resistance of
the alloy with time in the investigated system. In the referred
figure, the Rct sharply increased up to 1105.7 Ω cm2 before
decreasing. This is reflective of the initial rapid corrosive attack
and the fast deposition of corrosion products on the alloy
surface. Interestingly, at this point, the corrosion potential of
the system increased steadily (Figure 4b), implying a highly
perturbed system,20,25 while the value of the n parameter
decreased (Figure 4c). The Rct−t (Figure 4a), n−t (Figure 4b),
and E−t (Figure 4c) graphs seem to provide answers to the
decrease in the diameter of the capacitive loop in the high-
frequency region of Figure 1 at a longer immersion time. The
decomposition of the deposited corrosion products from the
alloy surface was a gradual process (Figure 4a), and this led to
an increase in the heterogeneity of the surface (Figure 4b). At
this time, the system potential attained quasi-stability (Figure
4c). It is pertinent to point out the fluctuating nature of the
graphs in Figure 4. This is indicative of the nonstationary
nature of the studied system26,27 and thus explains the
differences in the results obtained using DEIS in this study
and the ones in previous studies1,5 obtained with classical EIS.
To further demonstrate the superiority of DEIS over

classical EIS, a comparison of the parameters Rp, Y0, and n
obtained under a similar experimental condition was made
(Table 2). Rp is the sum of all of the resistances except the
solution resistance. In Table 2, the Rp values obtained by Fekry
and El-Sherif1 and Sasikumar et al.28 for the AZ91D Mg alloy
in simulated body fluid after 1 h of immersion using the
classical EIS technique are 0.50 and 0.32 kΩ cm2 and could be
said to be comparable. The Y0 and n values rather suggest that
the corrosion products deposited on AZ91D as reported by
Fekry and El-Sherif1 were more compact and homogeneous
than the products on the surface reported by Sasikumar et al.28

It should be mentioned that the Y0 value reveals the
characteristics of a surface film while the n value could be
used as a measure of surface inhomogeneity.29 These
differences may not be far from the dynamic nature of the
corroding system. It is obvious that DEIS is a more adaptable
technique for corrosion measurements than the classical EIS
technique. As can be seen in Table 1, a higher value of Rp was
obtained relative to the Rp values from the EIS technique
because of the better characteristics of the surface deposits as
revealed by the Y0 and n values.

2.2. PDP Studies. Figure 5 shows the PDP curves obtained
for the AZ91D Mg alloy in simulated body fluid at 1 and 30 h.
It is observed that the corrosion potential which is −1622.33
mV vs Ag/AgCl at 1 h of immersion increased to −1484.18
mV vs Ag/AgCl at 30 h of immersion (Table 3). The increase
could be ascribed to the enrichment of the Mg−Al eutectic and
the β phase, which are nobler than those for Mg, but as
reported by Mathieu et al.,30 the presence of these phases does
not increase the corrosion rate because the galvanic effect is

Figure 3. (a) The R(Q(R(QR))) equivalent circuit was used for the
analysis of the DEIS spectra obtained between 0−7 and (b) the
R(Q(R(QR(LR)))) equivalent circuit was used for those at 8−30 h.
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Figure 4. Plot showing the variation of (a) charge-transfer resistance, (b) the n parameter, and (c) the corrosion potential for the AZ91 Mg alloy in
simulated body fluid with immersion time.
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very small. On the contrary, other authors31−34 take the view
that the typical microstructure of this alloy has a primary α
phase and a divorced eutectic which consists of the β phase
(Mg17Al12) and that the eutectic β phase distributed along α-
phase grain boundaries produced Al enrichment on the
corroded surface, which may be the key factors that limit the
progression of corrosion damage. Wang et al.34 identified the
presence of Mg(OH)2, Mg5(CO3)4(OH)2·8H2O, and MgO
phases in the corrosion products, but only the latter two phases
were found in the passive film.
Further examination of the polarization curve at 1 h reveals

that the anodic branch exhibits passivity which breaks down at
a potential of −1454 mV vs Ag/AgCl. The passivity and the
breakdown potential are not observed in the polarization curve
at 30 h, and the corrosion current density decreased from
46.88 to 45.29 μA/cm2 (Table 2). Consequently, the
instantaneous corrosion rate (CRi = 22.85 × icorr)

28 decreased
from 1.06 mm/year at 1 h of immersion to 1.02 mm/year at 30
h of immersion. According to Wang et al.,34 such declines in
icorr and CRi could mean that pits on the surface were quickly
passivated by the deposited surface films around the area of the
pits such that current flowing through the pits at increasing
polarization time was hindered.

The dissolution of Mg in an aqueous environment is
complicated. Song and Atrens35 summarized the process as
follows (eqs 1−4):

+ → +− −2H O 2e H 2OH (cathodic reaction)2 2 (1)

→ ++ −Mg Mg 2e (anodic reaction)2
(2)

+ → +Mg 2H O Mg(OH) H (overall reaction)2 2 2 (3)

+ →+ −Mg 2OH Mg(OH) (product formation)2
2 (4)

As implied by eq 2, at the substrate/electrolyte interface, Mg
is oxidized to the Mg2+ intermediate. The ion intermediate
reacts chemically with H2O to form OH− and H2 (eqs 2 and
3). During the degradation process, the electrolyte pH
increases, as could be seen in Figure 6 as a result of the
accumulation of OH− ions, and the effect is the formation of
corrosion products, Mg(OH)2 (eq 4). As mentioned earlier,
Mg(OH)2 exhibits a partial corrosion suppression effect which
is lost in a corrosive system containing halide ions according to
eq 5.11

+ → + +− + − −Mg(OH) 2Cl Mg 2Cl 2OH2
2

(5)

2.3. Hydrogen Evolution Studies. Figure 7 shows the
variation of hydrogen gas evolution with time during the
degradation of AZ91D Mg alloy corrosion in SBF at 25 and 37
°C. A linear relationship is observed, implying that the volume
of hydrogen gas that is evolved increases with increasing time.
As should be expected, the metal degraded more rapidly at 37
°C than at 25 °C, leading to a higher volume of gas evolution.
The calculated dissolution rate (vd, cm

3 h−1) (eq 6) values are
1.37 and 1.68 cm−2 h−1 at 25 and 37 °C, respectively. These
results are in agreement with the value report by Vrsalovic ́ et
al.36 The authors had demonstrated that increasing temper-
ature increases the corrosion rate of Mg in body fluid.

Table 1. Comparison of the Electrochemical Parameters
Obtained from Classical EIS and Dynamic EIS for the
AZ91D Mg Alloy in Simulated Body Fluid after 1 h of
Immersion

Rp (kΩ cm2) Y0 (μF cm−2 s n−1) n technique reference

0.50 112.0 0.85 classical EIS 1
0.32 422.6 0.63 classical EIS 28
1.11 110.9 0.91 dynamic EIS present work

Figure 5. Potentiodynamic polarization curves obtained for the AZ91 Mg alloy in simulated body fluid at 1 h and 30 h.
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2.4. SEM and EDAX Studies. Pictures of AZ91D Mg alloy
taken in (a) the abraded state and after immersion in simulated
body fluid for (b) 6, (c) 12, (d) 18, (e) 24, and (f) 30 h at
ambient temperature are displayed in Figure 8. The
corresponding EDAX results are given in Figure 9. The
smoothness of the surface in the abraded state (Figure 8a) is
lost to corrosion after immersion in simulated body fluid
(Figure 8b−f). The surface in Figure 8b is characterized by
cracks, and the higher-magnification image inserted into the
figure reveals a layer of deposited products on the surface. The
dissolution and breakdown of the deposited layer become
obvious with increasing immersion time (Figure 8b−f). Pits of
varying depth can be seen in Figure 8b−f. These SEM results

contradict the results by Fekry and El-Sherif.1 The authors had
concluded from their SEM images that the formation of a
complete surface layer of oxidation products on the AZ91D
Mg alloy was difficult after 35 h of immersion in simulated
body fluid.
The EDAX spectra and the inserted elemental composition

table in Figure 9a suggest absence of oxides on the alloy
surface after abrasion. Elements Ca, Cl, O, P, K, and C are
found in Figure 9b−f but not in Figure 9a, meaning that these
elements were adsorbed onto the surface after interaction with
simulated body fluid. Several research works have established
that insoluble phosphates, carbonates, MgO, and Mg(OH)2
are the major components of the corrosion product on Mg and
its alloy when exposed to simulated body fluid.28,11,37 It is
observed from the insert tables in Figure 9b−f that O is
present in the highest percentage among all of the adsorbed
elements. This may mean a larger amount of oxides in the
corrosion products compared to the quantities of carbonates
and phosphates. According to Liu et al.’s10 findings, Mg alloy
corrosion in simulated body fluid produced, in addition to
MgO/Mg(OH)2, phosphate/carbonate compounds and con-
fers a different protective characteristics to the film relative to
the characteristics of the film formed on a Mg surface in pure
chloride-containing solution. Hence, the change in phosphate/
carbonate compounds, with respect to composition, thickness,
and morphology as time elapses, is capable of contributing
substantially to the protection of magnesium alloys against
further dissolution.

3. SUMMARY

The AZ91D Mg alloy is versatile because of its excellent
combination of mechanical, corrosion, and castability proper-
ties, hence gaining wide application as orthopedic devices38−40

and as inflammatory host responses.41 A large amount of
research has been devoted to understanding the corrosion

Table 2. Potentiodynamic Polarization Parameters for the AZ91D Mg Alloy in Simulated Body Fluid

immersion time (h) −Ecorr (mV/Ag/AgCl) icorr (μA cm−2) βc (mV dec−1) βa (mV dec−1) CRi (mm/year)

1 1622.3 46.88 249.4 199.0 1.06
30 1484.2 45.29 205.7 87.1 1.02

Figure 6. pH values of simulated body fluid containing the AZ91 Mg alloy at different exposure times

Figure 7. Variation of the volume of H2 evolved with time during
AZ91D Mg alloy corrosion in SBF at 25 and 37 °C.
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behavior of this alloy, most of which used the classical EIS
technique.1,5,19,28 Inconsistent results and divergent opinions
and interpretations are given.1,5 We have used the dynamic EIS
approach to gain more insight into the corrosion behavior of
the the AZ91D Mg alloy in simulated body fluid. Our dynamic
EIS results reveal that the impedance response of the AZ91D
alloy is influenced by the immersion time. Impedance spectra
with three time constants are obtained at between 0 and 7 h,
and impedance spectra with two time constants are obtained at
between 8 and 30 h of immersion in simulated body fluid.
SEM and EDAX results give a clear picture of severe damage to
the alloy in the studied medium. In the early stage of corrosion,
products generated from the process exhibit an inhibiting effect
according to the Rct−t diagram. The E−t plot discloses that the
corrosion system is not a stable system, particularly at the early
stage, but assumes false stability at a longer immersion time.
This explains the inconsistencies in the results reported from
the classical EIS technique.1,5 Hydrogen evolution results show
a linear relationship between the volume of hydrogen gas
evolved with time.

4. EXPERIMENTAL DETAILS

Disc-shaped specimens of the AZ91D Mg alloy were cut out of
an AZ91D sheet having chemical compositions by percentage
weight as follows: Al 8.77, Zn 0.74, Mn 0.18, Si <0.01, Fe
<0.001, Cu <0.001, Ca <0.01, Ni 0.001, and the remainder as
Mg. Thereafter, some parts of the samples were covered with

epoxy resin so as to get 0.785 cm2 as the surface area of the
exposed surface. Prior to electrochemical measurements, the
specimens were wet abraded mechanically with emery paper
grit nos. 800, 1200, 1500, 1800, and 2000 and dried with warm
air.
The simulated body fluid (SBF) solution was prepared by

following the procedure reported by Kokubo et al.42 and
Sasikumar et al.28 The chemicals and the amounts used for
SBF preparation are given in Table 3. Preparation was carried
out at ambient temperature (25 °C).
The dynamic EIS measurements were performed with a

setup described by Slepki et al.43 The generation of the current
perturbation was accomplished through the use of a National
Instruments Ltd. PCI-4461 digital−analog card. The card also
performed the task of recording current and voltage
signals.44,45 The excitation signal had the form of the sum of
current sinusoids over the range of 4.5 kHz−700 mHz. The
corrosion processes of the Mg alloy were recorded for 30 h. At
the end of each dynamic EIS experiments, samples were
submitted for surface morphology examination, and this
examination was performed using energy-dispersive X-ray
spectroscopy (EDAX) coupled to scanning electron micros-
copy (SEM; J. Quanta FEG 250 model; FEI, Holland).
For potentiodynamic polarization (PDP) experiments,

measurements were performed in a standard three-electrode
electrochemical cell. A potentiostat/galvanostat/ZRA (Refer-
ence 600) Gamry instrument embedded with a Gamry

Figure 8. SEM images for the AZ91D magnesium alloy in (a) the abraded state and after immersion in simulated body fluid for (b) 6, (c) 12, (d)
18, (e) 24, and (f) 30 h at 25 °C.
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framework system composed of the ESA410 software

application was used. The prepared AZ91D Mg alloy served

as the working electrode, Ag/AgCl was the reference electrode,

and a platinum plate played the role of a counter electrode.

The potential was swept from the negative direction to the

positive direction at a constant sweep rate of 1 mV/s from

−250 to +250 mV relative to the corrosion potential (Ecorr).

The corrosion current density (Icorr) and Ecorr were obtained by
Tafel fitting using EC-lab software.
It is generally accepted that eq 3 is the overall corrosion

reaction of magnesium and its alloys. H2(g) in eq 3 can be
used as an indicator of the rate of corrosion of the metal.46 The
rate of dissolution of the AZ91D Mg alloy immersed in SBF
was studied by monitoring the volume of gas produced for 6 h.
The dissolution rate (vd, cm

3 h−1) was calculated using eq 6:47

Figure 9. EDAX spectra of the AZ91D magnesium alloy in (a) the abraded state and after immersion in simulated body fluid for (b) 6, (c) 12, (d)
18, (e) 24, and (f) 30 h at 25 °C. Each inset shows the elemental composition.
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ν =
−
−

V V
t t
t i

t i
d

(6)

where Vt is the volume of gas liberated at final time tt (6 h) and
Vi is the volume of gas generated at initial time ti (0 h).
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