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Magnesium alloys are potential materials in biodegradable hard tissue implants. Their
degradation products in the physiological environment not only affect the degradation
process but also influence the biological response of bone tissues. In the work reported
here, the composition and structure of the corrosion product layer on AZ91 magnesium
alloy soaked in a simulated physiological environment, namely simulated body fluids
(SBFs), are systematically investigated using secondary electron microscopy (SEM),
Fourier transform infrared (FTIR) spectroscopy, x-ray photoelectron spectroscopy (XPS),
x-ray diffraction (XRD), and in situ monitoring of the corrosion morphology. Our results
show that the corrosion product layer comprises mainly amorphous magnesium (calcium)
phosphates, magnesium (calcium) carbonates, magnesium oxide/hydroxide, and aluminum
oxide/hydroxide. The magnesium phosphates preferentially precipitate at obvious corrosion
sites and are present uniformly in the corrosion product layer, whereas calcium phosphates
nucleate at passive sites first and tend to accumulate at isolated and localized sites.
According to the cross sectional views, the corrosion product layer possesses a uniform
structure with thick regions several tens of micrometers as well as thin areas of several
micrometers in some areas. Localized corrosion is the main reason for the nonuniform
structure as indicated by the pan and cross-sectional views. The results provide valuable
information on the cytotoxicity of magnesium alloys and a better understanding on the
degradation mechanism of magnesium alloys in a physiological environment.

I. INTRODUCTION

Because of their unique mechanical properties and bio-
degradability, Mg-based alloys are potential biodegrad-
able hard tissue implants. Good biocompatibility has
been observed in earlier clinical studies and in many
in vivo and in vitro experiments.1–3 Some studies have
also shown that dissolved magnesium ions may promote

bone tissue growth.4–7 However, attacks by aggressive
ions in body fluids such as chlorides, hydrocarbonates,
and sulfates lead to fast surface corrosion on Mg-based
biomedical implants.8–11 Many in vivo experiments have
been carried out to study the degradation process and
corresponding tissue responses such as cytotoxicity and
side effects from Mg degradation.3,7,12,13 Serious corro-
sion has been observed to take place after implantation
and a surface layer composed of Mg, Ca, and P forms on
the implants. However, the fast degradation does not
lead to a higher serum level of magnesium.7 The nature
of this corrosion product layer not only influences the
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subsequent degradation process,8 but also might affect the
biological response of bone tissues to the implants. This
corrosion products layer generally composed of magne-
sium and calcium phosphates, as well as magnesium ox-
ides,14–16 but the precipitation process, detailed structure,
and corrosion product evolution have not been fully dis-
closed. It is well known that various alloying elements are
incorporated into Mg to improve the mechanical proper-
ties and/or corrosion resistance. The alloying elements
influence the structure of the materials and impact the
corrosion performance including the surface morphology,
corrosion resistance, and corrosion products. In biomedi-
cal applications, the cytoxicity of these alloying elements
needs to be clarified. In fact, the influence of these alloy-
ing elements on the cytotoxicity is mainly in the form of
corrosion products including dissolved ions and precipi-
tated corrosion products on the implant surface. Different
types of magnesium alloys such as Al-Zn–containing alloy
(such as AZ91, AZ31), rare earth containing alloys (such
as WE-43, LAE442), and Ca-containing Mg alloys3,13

have been proposed as candidates in biodegradable im-
plants. Before clinical applications, it is necessary to
obtain more detailed information about the corrosion pro-
ducts on these magnesium alloys. A better understanding
of the corrosion products helps to evaluate the safety of
these implants and elucidate the corrosion process and
mechanism in a physiological environment. In our previ-
ous work,17 the corrosion behavior of the AZ91 magne-
sium alloy was systematically studied. However, detailed
information about the structure and composition of the
corrosion product layer and their evolution with immer-
sion duration are not well known.

In the work reported here, immersion tests were con-
ducted in a simulated physiological environment by im-
mersion in simulated body fluids (SBFs). The structure
of the corrosion product layer, phase constituents, and
their distributions were studied by scanning electron mi-
croscopy (SEM), energy-dispersive x-ray analysis (EDS),
Fourier transform infrared (FTIR) spectroscopy, x-ray
photoelectron spectroscopy (XPS), and x-ray diffraction
(XRD). The mechanisms responsible for the different dis-
tributions and the tendency of the constituents were stud-
ied. In addition, the evolution of the corrosion products
with immersion time was evaluated. This study aims at

providing important information on the cytotoxicity and a
better understanding of the degradation mechanism of
magnesium alloys in a physiological environment.

II. EXPERIMENTAL DETAILS

A. Sample preparation

The commercially available die cast AZ91 magne-
sium alloy was used in our experiments. The composi-
tion of the alloy is shown in Table I. The as-received
materials were cut into 15 � 15 � 3-mm blocks.
The samples were ground, polished, and ultrasonically
cleaned in alcohol. The samples were put into a bottle
containing 50 mL SBF for 2 min, 30 min, 1 day, 3 days,
or 5 days at 37 � 0.5 �C. The ion concentrations in the
SBF are similar to those in human plasma18 and shown
in Table II. After immersion, the samples were taken out
of the solutions, cleaned using distilled water, and dried.

B. Optical microscopy and SEM observation

The as-polished samples were immersed in a dish with
SBF. In situ observation of the corrosion morphology was
performed directly by optical microscopy. The top surface
and cross-sectional structure of the corrosion product layer
after exposure in SBF were observed by SEM (S-4700;
Hitachi, Tokyo, Japan). Before the cross-sectional obser-
vation, the soaked samples were attached to the metal
holder using paint and ground, polished, and carbon coat-
ed. The composition of the corrosion products in selective
regions were determined by EDS.

C. Characterization

XRD (Cu Ka radiation, 40 kV, 30 mA) was used to
determine the phase constituents in the corrosion product
layer. However, in direct measurement of the soaked
samples, no information was gained from the corrosion
product layer except peaks originating from the substrate
Mg and Mg17Al12 phase (b phase). Thus, we scraped off
the corrosion products using a stainless steel knife, and
XRD was performed on the powders to acquire more
detailed information. Before scraping, the knife was ul-
trasonically cleaned in alcohol to get rid of contamina-
tion. The functional groups in the corrosion product

TABLE I. Elemental composition of AZ91 magnesium alloy.

Al (wt%) Zn (wt%) Mn (wt%) Si (wt%) Fe (wt%) Ni (wt%) Cu (wt%)

AZ91 8.5–9.5 0.45–0.9 0.17–0.5 <0.05 <0.004 <0.001 <0.015

TABLE II. Ion concentrations in SBFs.

Concentration (mmol/L) Na+ K+ Ca2+ Mg2+ HCO3
� Cl� HPO4

2� SO4
2�

SBF 142.0 5.0 2.5 1.5 4.2 148.5 1.0 0.5
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layer were determined by FTIR from 4000 to 400 cm�1.
The elemental binding energies were determined by XPS
(PH5802; Physical Electronics, Chanhassen, MN) with
Al Ka excitation. The power was 350 W and take-off
angle was 45�.

III. RESULTS AND DISCUSSION

A. Structure of the corrosion layer

To get rid of the damage on the surface corrosion
product layer by ultrasonic cleaning and the influence
from the residual test solution, the sample was rinsed by
shaking the soaked sample in distilled water numerous
times with the aid of a pair of tweezers. The SEM micro-
graphs and corresponding EDS results acquired from
selected regions on the sample soaked in SBF for 1 day
are depicted in Fig. 1. Serious corrosion can be observed
on the entire sample surface. Isolated white regions with
many cracks are embedded in the gray surface. Mg, Al,
Zn, O, and P can be detected from the gray area, imply-
ing that this region contains magnesium phosphates and
MgO/Mg(OH)2. It is more difficult to identify whether
Al arises from the Al2O3/Al(OH)3, b phase (Mg17Al12),
or Al dissolved in the substrate. The white regions con-
tain a large amount of Ca in addition to Mg, Al, Zn, O,
and P, and both the P and O weight percents increase
significantly. The atomic ratio of Ca to P is �0.32, which
is much lower than that in calcium phosphate (3:2). Thus,
it can be inferred that these regions contain both calcium

phosphates and magnesium phosphates. Figure 2 shows
the SEM micrographs and EDS results acquired from the
samples after immersion in SBF for 3 days. The area of
the white region increases, and the Ca and P contents
increase significantly. The EDS data acquired from the
gray region are similar to those obtained after 1-day im-
mersion. As shown in Fig. 3, the morphology after im-
mersion in SBF for 5 days is similar to that of the sample
after immersion for 3 days. The elemental compositions
obtained from both the gray and white regions are similar
to that of the sample after immersion for 3 days. These
results show that the corrosion product layer contains
magnesium phosphate, calcium phosphates, and magne-
sium oxide or hydroxide. Magnesium phosphates are
present uniformly, whereas calcium phosphates appear
preferentially in many isolated regions. The calcium
phosphate content increases with immersion time and
becomes stable after 3 days of exposure. The presence of
cracks probably results from surface shrinkage because of
dehydration of the corrosion products after drying in
warm air and inside the SEM vacuum chamber.

The different distributions of magnesium phosphates
and calcium phosphates probably stem from the corro-
sion behavior in SBF. Two sets of experiments are
designed to unravel the difference. The pictures taken
from the sample immersed in SBF after 2, 5, and
30 min are shown in Fig. 4. On exposure to the solution,
corrosion takes place on many sites, leading to hydrogen
bubble formation. As time elapses, the corroded sites

FIG. 1. SEM micrograph of AZ91 magnesium alloy soaked in SBF for 1 day and EDS results at selective regions: (a) EDS results in the white

square region and (b) EDS results in the black square region.
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expand laterally. However, these corrosion sites (black
areas) tend to be passive because of precipitation of the
corrosion products.9 Meanwhile, corrosion occurs rapid-
ly at other vulnerable sites as indicated by hydrogen

evolution. The morphology and composition of the pre-
cipitates at these corrosion sites are studied by SEM and
EDS, and the results are shown in Fig. 5. Many white
bumps (denoted by a white arrow) corresponding to

FIG. 2. SEM micrograph of AZ91 magnesium alloy soaked in SBF for 3 days and EDS results at selective regions: (a) EDS results in the white

square region and (b) EDS results in the black square region.

FIG. 3. SEM micrograph of AZ91 magnesium alloy soaked in SBF for 5 days and EDS results at selective regions: (a) EDS results in the white

square region and (b) EDS results in the black square region.
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the sites of hydrogen evolution are observed. The EDS
spectra obtained from these sites show that this region is
mainly composed of Mg, Al, O, and P, but no obvious
Ca peaks are observed. The results imply that magne-
sium phosphates are preferentially precipitated com-

pared with calcium phosphates. In the plain region, only
peaks from Mg and Al can be seen, but not O and P,
suggesting that almost no corrosion takes place at these
regions. These data confirm selective punch-through
during corrosion of the surface. Magnesium dissolution
results in significant enhancement in the local pH value
at the corrosion sites13,19 because of the formation of
magnesium hydroxide and magnesium phosphates. The
local concentration of magnesium ions at the corrosion
sites should be high, and hence, magnesium phosphates
are much easier to precipitate than calcium phosphates.
In an aqueous solution, surface-absorbed magnesium
ions can inhibit nucleation of calcium phosphates.20

The high local concentration of magnesium ions also
impedes precipitation of calcium phosphates. Therefore,
magnesium phosphates are preferentially precipitated
compared with calcium phosphates. After the whole sur-
face has undergone corrosion, magnesium phosphates
will cover the entire surface. As shown in Fig. 5(b), after
a 30-min immersion in SBF, many white regions with
cracks emerge (denoted by a white arrow). These regions
contain mainly Mg, Al, O, P, and Ca, indicating the
presence of calcium phosphates. These regions should
correspond to the passive regions (black area) observed
by optical microscopy. In the region denoted by a white
square, besides peaks arising from Mg, only a weak peak
from O is observed. Oxygen may come from magnesium
hydroxide. At these regions, little corrosion occurs. The
original pH of the solution is �7.42. After a longer expo-
sure time, the pH value of the whole solution increases
dramatically to nearly 10 because of by-products resulting
from magnesium dissolution, OH�,13 and calcium phos-
phates preferentially nucleating at passive regions, as cor-
roborated by the SEM and EDS results. It is difficult for
calcium phosphates to precipitate at the corrosion sites
because of the high local concentration of magnesium ions
and the high evolution rate of hydrogen. Nonetheless,
when the nuclei form at passive sites, calcium phosphates
grow more easily at these passive regions than at regions
without nucleation. Finally, nonuniform distributions of
calcium phosphates in the corrosion product layer result.

The cross-sectional views of the samples soaked in
SBF for 1, 3, and 5 days together with the EDS results
obtained from selected regions are exhibited in Fig. 6.
The morphologies after different exposure periods are
similar, but the corrosion products layer is not uniform.
The layer is thin in most regions but can be very thick
at some other locations. The sites with thick corrosion
products can be ascribed to corrosion penetrating into
the substrate and gradual precipitation of the corrosion
products. This cross-section indicates a nonuniform cor-
rosion process on the sample surface. Severe corrosion
occurs preferentially at many isolated sites and sub-
sequently penetrates into the materials significantly.
Such local corrosion is common during corrosion of

FIG. 4. In situ observation of the AZ91 magnesium alloy immersed

in SBF by optical microscopy: (a) morphology after immersion for

2 min, (b) morphology after immersion for 10 min, and (c) morphol-

ogy after immersion for 30 min. The inside picture in (c) is the higher

magnification view of the region denoted by the white arrow.
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magnesium alloys and mainly results from the presence
of partially protective films.20 However, in accordance
with the cross-sectional views, this local corrosion does
not induce pitting corrosion caused by precipitation of
the corrosion products. The EDS results show that the
thick corrosion product layer region contains a large
amount of Ca and P in addition to Mg, O, and Al. As
the immersion time increases, both the Ca and P contents
increase, but from days 3 to 5, the changes are not as
obvious. SEM can provide high-magnification views of
the corrosion products allowing analysis of the composi-
tion of the corrosion products. However, dehydration of
the corrosion products layer produces many cracks on
the corrosion product layer, thereby possibly altering the
original morphology.

B. Composition of corrosion products

The XRD spectra acquired from the corrosion pro-
ducts are shown in Fig. 7. Two broad bands centered at
�31 and 42� denoted by arrows are observed. However,
the strongest peaks of magnesium and calcium phos-
phate are near 30�. It is thus difficult to discern the exact
constituents. Here, the XRD results only indicate that all
the corrosion products are amorphous.

The FTIR spectra acquired from samples soaked in
SBF for 1, 3, and 5 days are depicted in Fig. 8. The
broad absorption band from 3700 to 2500 cm�1 is attrib-
uted to the stretching vibration of the OH� group.21 The
band at 1640 cm�1 arises from H2O bending vibration.22

Absorption bands at 1435, 1488, and 850 cm�1 corre-
spond to carbonates.22 The band at �578 cm�1 is induced

by magnesium hydroxides. The 450-cm�1 band can be
ascribed to Mg–O bonding (MgO).23 The three spectra
are similar, and the corrosion products are probably
similar also. Based on the FTIR result, the corrosion
product layer contains MgO/Mg(OH)2, phosphates, and
carbonates. According to Canham et al.,24 a sharp P�O
bending mode doublet at 600 cm�1 is indicative of hy-
droxyapatite. No such absorption mode is observed from
the three spectra. Hence, it can be inferred that the corro-
sion products contain common calcium phosphates and
not hydroxyapatite.
To obtain more detailed information on the constitu-

ents in the corrosion product layer, XPS is used to exam-
ine the elemental chemical states. The full spectra and
high-resolution spectra of P, C, and Al are depicted in
Fig. 9. The three full spectra are similar, and Mg, Al, P,
C, and O peaks are present. The high-resolution spectra
of P 2p exhibit two peaks. The two peaks centered at
133.2 and 133.9 eV originate from bonding between
PO4

3� and Mg in the form of magnesium phosphates
and bonding between PO4

3� and Ca in the form of calci-
um phosphates, respectively.25,26 The contents of calci-
um phosphates in the total phosphates in the corrosion
product layer after immersion for 3 days (72.0%) and
immersion for 5 days (63.3%) are both much higher than
that after immersion for 1 day (44.9%). The results are
consistent with the EDS data. The high-resolution spec-
tra of C1s can be deconvoluted into three peaks at
�284.6, 286.1, and 288.5 eV. The bands at 284.6 and
286.1 eV correspond to bonds from C–C (and/or C–H)
and C–O, respectively,27 and both of them result from
surface contamination. The band at 288.5 eV is indicative

FIG. 5. SEM micrographs of AZ91 magnesium alloy soaked in SBF for 2 and 30 min and EDS results at selective regions: (a) SEM micrograph

after 2-min immersion, (a1) EDS results in the black square region in (a), (a2) EDS results in the white square region in (a), (b) SEM micrograph

after 30-min immersion, (b1) EDS results in the black square region in (b), and (b2) EDS results in the white square region in (b).
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of carbonates,28 confirming the presence of magnesium
and/or calcium carbonates in the corrosion products. The
high-resolution spectra of Al 2p are also acquired. The
two peaks located at 74.3 and 75.4 eV originate from
Al in the form of Al2O3 and Al(OH)3, respectively.

29

With prolonged exposure time, the ratio of Al(OH)3:
Al2O3 increases.

It can be concluded that the corrosion products after
immersion for 1, 3, and 5 days are similar and they
consist of MgO, Mg(OH)2, Al2O3, Al(OH)3, magnesium,
and calcium phosphates, as well as magnesium and
calcium carbonates, but the relative contents vary with
different exposure duration. These corrosion products
are all amorphous. The formation mechanism of these
corrosion products can be deduced from the corrosion
process. On exposure to an aqueous solution, the follow-
ing reaction takes place20:

FIG. 6. Cross-section SEM micrographs of the corrosion product layer and EDS results at selective regions: (a) SEM micrograph of sample after

1-day immersion, (a1) EDS results at selection region in (a), (b) SEM micrograph of sample after 3-day immersion, (b1) EDS results at selection

region in (b), (c) SEM micrograph of sample after 5-day immersion, and (c1) EDS results at selection region in (c).

FIG. 7. XRD spectra obtained from the corrosion products of the

AZ91 magnesium alloy after soaking in SBF for 1, 3, and 5 days.
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Mgþ 2H2O ! Mg2þþ2OH�þH2 : ð1Þ
Magnesium dissolution generates a large amount of

OH�. Increase in the pH value leads to MgO or Mg(OH)2
precipitates. The b (Mg17Al12) phase has a higher standard
potential than either Mg or Al and exhibits a passive be-
havior over a wide pH range. Therefore, corrosion of the b
phase should be limited. In fact, they often fall off from
the surface because of selective attack along the boundary

of the Mg substrate and b phase.20 In the AZ91 magne-
sium alloy, besides the Al in b phase, a large amount of Al
dissolves in the Mg substrate.20 The Al2O3, and Al(OH)3
mainly come from corrosion of the dissolved aluminum
in the substrate. Insoluble magnesium and calcium phos-
phates and carbonates can also precipitate in the corro-
sion products according to the following reactions:

3 Mg2þðor Ca2þÞþ2 OH�þ2 HPO 2�
4 þðn�2ÞH2O

!Mg3ðor CaÞðPO4Þ2�nH2O ; ð2Þ

Mg2þðor Ca2þÞþOH�þ HCO 2�
3 þðn�1ÞH2O

!Mgðor CaÞCO3�nH2O : ð3Þ
From the biological point of view, magnesium phos-

phates and carbonates, as well as calcium phosphates
and carbonates, possess favorable biocompatibility.30–32

Al2O3 is also biocompatible,33 but the biological responses
of Al(OH)3, MgO, and Mg(OH)2 are not yet clear.

IV. CONCLUSION

A systematic study was performed to determine the
structure, constituents, and phase distribution of the cor-
rosion products on AZ91 magnesium alloy on exposure
to SBFs for different periods of time. The pertinent
mechanisms were discussed. Our results showed that
the corrosion product layer is mainly composed of amor-
phous magnesium (calcium) phosphates, magnesium
(calcium) carbonates, magnesium oxide/hydroxide, and
aluminum oxide/hydroxide. Magnesium phosphates are
present in the product layer uniformly, whereas calcium
phosphates nucleate preferentially at passive local sites
and evolve gradually. Because of local corrosion at vul-
nerable sites, the corrosion product layer is not uniform
as verified by the cross-sectional and surface views.
Corrosion is observed to penetrate into the substrate,
and nonuniform precipitation of the corrosion products
leads to thick corrosion product layer at some sites but
thin ones in other regions.
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