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Simulated physiological solutions mimicking human plasma have been utilized to study the in vitro cor-
rosion of biodegradable metals. However, corrosion and corrosion product formation are different for dif-
ferent solutions with varied responses and, hence, the prediction of in vivo degradation behavior is not
feasible based on these studies alone. This paper reports the role of physiologically relevant salts and
their concentrations on the corrosion behavior of a magnesium alloy (AZ31B) and subsequent corrosion
production formation. Immersion tests were performed for three different concentrations of Ca2+, HPO2�

4 ,
HCO�3 to identify the effect of each ion on the corrosion of AZ31B assessed at 1, 3 and 10 days. Time-lapse
morphological characterization of the samples was performed using X-ray computed tomography and
scanning electron microscopy. The chemical composition of the surface corrosion products was deter-
mined by electron dispersive X-ray spectroscopy and X-ray diffraction. The results show that: (1) calcium
is not present in the corrosion product layer when only Cl� and OH� anions are available; (2) the presence
of phosphate induces formation of a densely packed amorphous magnesium phosphate corrosion product
layer when HPO2�

4 and Cl� are present in solution; (3) octacalcium phosphate and hydroxyapatite (HAp)
are deposited on the surface of the magnesium alloy when HPO2�

4 and Ca2+ are present together in NaCl
solution (this coating limits localized corrosion and increases general corrosion resistance); (4) addition
of HCO�3 accelerates the overall corrosion rate, which increases with increasing bicarbonate concentra-
tion; (5) the corrosion rate decreases due to the formation of insoluble HAp on the surface when
HCO�3 , Ca2+, and HPO2�

4 are present together.
� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Biodegradability and similar mechanical properties to human
bone make magnesium a promising candidate for implantable
materials used in medical devices. Recent efforts to develop more
biocompatible metallic implants have focused not only on magne-
sium alloy design to match the engineering requirements de-
manded of medical devices [1–3], but also on understanding the
degradation behavior in specific biomedical application environ-
ments [4–7]. The biodegradation of metallic magnesium is funda-
mentally linked to studies of its ‘‘corrosion’’, which is dependent
on the interface dynamics between the material and its environ-
ment. Identifying and understanding the biological and material
factors that govern the corrosion kinetics and mechanisms are of
prime importance to the successful development of biodegradable
implants.
Currently, applying in vitro test results generated using simu-
lated body fluids (SBFs) to predict in vivo degradation behavior is
unreliable because factors affecting the complex biomedical envi-
ronment, such as the concentrations of salts, flow dynamics, pro-
tein absorption and active tissue formation, cannot be replicated
solely by immersion in SBFs. Previous studies have used various
solutions, such as NaCl solution [8,9], Hank’s balanced salt solution
[10,11], SBF [12–14] and Dulbecco’s modified Eagle’s medium
(DMEM) [15,16] to study the corrosion behavior of magnesium al-
loys. Additionally, the effect of different inorganic ions, such as
Cl–[13,17,18], Ca2+[13], HCO�3 [17–20], and HPO2�

4 [13,18,21], have
been investigated. However, the mechanism(s) of corrosion and
corrosion product formation upon exposure to individual ions
combined with salts and their concentrations is not well
established.

This paper is an attempt to identify the effects of biologically
relevant salts and their concentrations on the corrosion behavior
and corrosion product formation using the standard immersion
test. It is thought that this fundamental understanding of in vitro
corrosion studies will ultimately provide a basis for comparison
under-
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Table 1
The ionic composition and concentration of each test solution and blood plasma.

Concentration (mmol l�1) Na+ K+ Ca2+ Mg2+ Cl– HCO�3 HPO2�
4 SO2�

4

Blood plasma [22] 142.0 5.0 2.5 1.5 103.0 27.0 1.0 0.5
Solution 1 103.0 103.0
Solution 2 102.0 0.5 103.0
Solution 3 98.0 2.5 103.0
Solution 4 83.0 10.0 103.0
Solution 5 103.4 103.0 0.2
Solution 6 105.0 103.0 1.0
Solution 7 113.0 103.0 5.0
Solution 8 103.5 103.0 0.5
Solution 9 130.0 103.0 27
Solution 10 153.0 103.0 50
Solution 11 100.0 2.5 103.0 1.0
Solution 12 127.0 2.5 103.0 27 1.0
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with results from in vivo studies while isolating and characterizing
the corrosion products associated with the biodegradation process.

2. Materials and methods

Cylindrical specimens 6.35 mm in diameter and 2 mm high
were cut from a rod of as-drawn AZ31B magnesium alloy (Goodfel-
low Corp., USA), polished with up to 1200 grit silicon carbide sand,
and cleaned with acetone and ethyl alcohol. The final height was
adjusted to 1.3 mm after polishing.

Immersion tests were carried out in the various solutions
shown in Table 1, in an Isotemp incubator (model No. 1602D Fisher
Scientific, USA) at 37 �C for 1, 3 and 10 days to compare corrosion
in each solution. The solutions were prepared with salt concentra-
tions relevant to those found in blood plasma (Table 1) [22]. Solu-
tion 1 was a NaCl solution with a similar concentration of Cl� to
that of blood plasma. This concentration of Cl� ions was common
to all solutions. The Ca2+ concentration in solutions 2–4 was varied
based on the concentration in blood plasma. In the same way, solu-
tions 5–7 contained varying amounts of HPO2�

4 , and solutions 8–10
varying amounts of HCO�3 . The types of salts present in solutions 11
and 12 were varied. These solutions were made with NaCl, CaCl2,
Na2HPO4�7H2O and NaHCO3. The ratio of volume of solution to
sample was 330 ml cm�2 and the initial pH of the solutions was ad-
justed to 7.4 ± 0.05. The solutions were changed every day to min-
imize the influence of pH.

The pH of the solutions was measured with a pH meter (Oak-
ton� pH2100, Eutech Instruments, Singapore) before changing
the solution. The outward appearance and cross-sectional images
of the samples after immersion for 10 days were observed using
Fig. 1. Optical images of corroded AZ31
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a digital camera and by micro-CT (Phoenix Nanotom-M™, GE Sens-
ing & Inspection Technologies GmbH, Germany). X-ray emission
parameters were 80 kV and 180 lA and the number of projections
acquired (Np) was 1800. The PCA file format (Phoenix CT Acquisi-
tion) obtained were converted to PCR file format (Phoenix CT
Reconstruction) via a reconstruction step and three-dimensional
and cross-sectional images of sample were investigated using VG
Studio Max (v.2.1) software. Morphology and chemical composi-
tion of the corrosion products on the surface of samples were ana-
lyzed by scanning electron microscopy (SEM) (SU8000, Hitachi,
Japan) after ion beam coating. Cross-section samples for SEM anal-
yses were orthogonally cut using a sectioning machine (TechCut
5TM, Allied High Tech Products Inc., USA) after mounting the sam-
ple in epoxy resin (Epokwick� Epoxy resin, Buehler, USA). The
thickness of the general corrosion product was measured using
SEM images of cross-section samples and the depth of localized
corrosion was measured using micro-CT data. Average values and
standard deviations were determined after measuring 10 times
for each sample. X-ray diffraction (XRD) patterns were obtained
using a D8 Discover X-ray diffractometer (Bruker AXS GmbH,
Germany) equipped with CuKa1 radiation source (wavelength
k = 1.5406 Å). The operating voltage and current were 40 kV and
40 mA, respectively, and the step size and speed were 0.01426�
per step and 0.3 s per step in the 2h range 10–80�.
3. Results

Immersion tests were carried out in the various solutions to
monitor corrosion in the initial stage for 1 day at 37 �C and to
B after immersion tests in solution.

ns on the corrosion products formed on alloy AZ31B: An improved under-
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observe more long-term effects due to the process of corrosion at
37 �C for 3 and 10 days, respectively.

Fig. 1 shows optical images of alloy AZ31B after immersion in
solutions for 1, 3 and 10 days. The color of the two samples im-
mersed in solutions 1 and 3 changed from a glossy surface to gray,
and localized corrosion was observed on a small portion of the
edge on day 1, which spread to the central part of the surface over
the course of immersion. In the case of the sample tested in solu-
tion 6 the surface was covered with a brown film within 1 day,
the color changing to dark gray after immersion for 10 days as
the film thickened. Localized corrosion was only found on the sur-
face after immersion in solution 6 for 10 days. The surface of the
sample immersed in solution 9 was bright brown in the initial
stages, changing to gray gradually with immersion time. White cal-
cium phosphate was deposited on the surface of the sample tested
in solution 11 within 1 day, and the thickness of precipitate in-
creased with prolonged immersion. Its growth rate around the
edges was faster than centrally and significant localized corrosion
occurred in one place where the thick precipitate had detached
from the surface. In the case of the sample tested in solution 12,
the color changed from brown to gray over the 10 day time course,
and only a few small corrosion products were found on the surface
without significant localized corrosion.

The variations in pH during the immersion tests (n = 3) in each
solution are shown in Fig. 2. The pH of solutions 1–4 increased up
to 9.9 with an average daily increment of about 2.1. The pH of solu-
tion 5 showed a tendency to increase in magnitude over the 10 day
course of the experiments. In the case of solutions 6 and 7 there
was little change in pH, with an average daily pH increment of less
than 0.1. In the case of the addition of small amounts of HCO�3 , as
with solution 8, the average daily increment was about 1.7. As the
amount of HCO�3 was increased the average daily increment de-
creased by about 40% compared with solution 8. In the case of solu-
tion 11 the solution pH was lower than before the immersion test,
with an average daily decrease for solution 11 of about 0.4. The pH
variation of solution 11 without AZ31B sample was tested to con-
firm that the decrease in pH was due to dissolution of CO2 from the
atmosphere, resulting in an average daily decrease of about 0.1.
The average daily increment of solution 12, which included cal-
cium, phosphate and carbonate ions, was about 0.5 and was be-
tween the average daily increments of solutions 6 and 9
including same amounts of phosphate and carbonate ions,
respectively.
Fig. 2. Variations in pH during immersion tests in each solution containing various
ions at various concentrations.
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Figs. 3 and 4 show SEM images of the surface of AZ31B after
immersion in the various solutions for 1 and 10 days, respectively.
As shown in Fig. 3a, the majority of corrosion sites were along grain
boundaries with small localized corrosion and nano-sized Mg(OH)2

films formed in the matrix after immersion in NaCl solution (1) for
1 day. The size of the Mg(OH)2 honeycomb film and localized cor-
rosion increased with increasing immersion time (Fig. 4a). The
morphology of the surface corroded in solution 2 containing cal-
cium ions was similar to the morphology of the sample immersed
in solution 1, with no distinguishing characteristics observed
(Figs. 3b and 4b). A dense corrosion product with numerous mi-
cro-cracks spanning the whole of the surface was observed on
the sample soaked for 1 day in solution 6 containing phosphate
ions (Fig. 3c), which thickened over time (Fig. 4c). As shown in
Fig. 3d, a thick and dense corrosion product composed of tiny sty-
loid microstructures formed on the surface of the sample im-
mersed for 1 day in solution 9 containing carbonate ions, the
thickness of which increased with immersion time (Fig. 4d). Spher-
ical calcium phosphate precipitates composed of plate-like micro-
structures were incompactly deposited on the surface of the
sample immersed in solution 11 containing calcium and phosphate
ions. As the globular precipitate grew larger the film became den-
ser (see Figs. 3e and 4e). On adding carbonate ions in solution with
calcium and phosphate ions (solution 12) the corrosion character-
istics were completely changed compared with the surface corro-
sion in solution 11. The surface was covered with dense
corrosion products with spherical calcium phosphate deposits par-
tially formed at sites where pitting corrosions occurred after
immersion in solution 12 for 1 day (Fig. 3f). The film became thick-
er as time passed (Fig. 4f).

Table 2 shows the chemical composition of general corrosion
products formed on the surface after immersion tests in solutions
that had ion concentrations relevant to human plasma [22] for
10 days as detected by EDX analysis. The predominant constituents
formed on the AZ31B surface after immersion in solutions 1 and 3 for
1 and 10 days were O and Mg, and the amount of O in the corrosion
product increased significantly. It is noteworthy that calcium was
barely detected in corrosion products formed in solution 3, which
had an identical calcium ion concentration to human plasma. The
primary components of the corrosion products generated in solution
6 were O, Mg and P, suggesting the presence of tertiary magnesium
phosphate. The constituents of the corrosion products created in
solution 9 in 1 day were similar to those of the corrosion products
formed in solution 1 after 10 days, except for the aluminum signal
(Fig. 5d) due to the rapid corrosion rate in the early stages. The com-
ponent ratio scarcely changed after immersion for 10 days. The rel-
ative amount of Al detected in the corrosion product was larger than
that predicted based on the composition of the AZ31B matrix and the
corrosion product formed in solution 1. Also, the amount of carbon
in the corrosion products formed in solutions 1 and 9 showed little
difference despite solution 9 containing HCO�3 ions. The principle
components of the precipitate deposited from solution 11 on the
surface of AZ31B after 1 day and 10 days were O, P and Ca. The Ca/
P ratio was about 1.7–1.8. Magnesium was barely detected in the
product, unlike the corrosion products formed in the other solutions.
Thus it might be inferred from Table 2 and Fig. 5 that this product
was only deposited on the surface and is not a corrosion product.
The constituents of the corrosion products created in solution 12
were O, Mg, P and Ca, with a Ca/P ratio of about 0.8–1. The amount
of Mg was higher and the Ca/P ratio lower than for the corrosion
product formed in solution 11. The amount of Al in the corrosion
product, in common with the corrosion product formed in solution
9, was greater than in corrosion products created in solutions with-
out HCO�3 ions.

Elemental mapping images of sample cross-sections (Fig. 5)
show the predominant constituents of corrosion products formed
ns on the corrosion products formed on alloy AZ31B: An improved under-
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Fig. 3. SEM images of corroded surfaces after immersion tests in solution for 1 day. (a) Solution 1; (b) solution 3; (c) solution 6; (d) solution 9; (e) solution 11; (f) solution 12.
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after immersion for 10 days in solution. As shown in Fig. 5d and f,
the content of aluminum in the corrosion products formed in solu-
tions containing HCO�3 , such as solutions 9 and 12, was greater
than the of Al (2.91 at.%) confirmed in the matrix of alloy AZ31B
as determined from the EDX data in Table 2. A greater amount of
calcium was present in the top than bottom layer of corrosion
products formed in solution 12, while calcium and phosphate were
uniformly distributed in the precipitate formed in solution 11. This
result was confirmed by a line analysis, as shown in Fig. 6.

Fig. 7 shows CT images of samples after immersion in the solu-
tions for 10 days. Fig. 7a and b shows similar features of corrosion
on the samples immersed in solutions 1 and 3 for 10 days. Local-
ized corrosion penetrated deeply into the matrix near the edge of
both samples, and significant amounts of matrix were completely
degraded. Small corrosion pits were uniformly observed across
the whole of the surface of the samples, and voids created by dis-
solution of the matrix were observed just below the sites where
pitting corrosion occurred. No localized corrosion was found on
the surface tested in solution 6, and thin and dense corrosion prod-
Please cite this article in press as: Jang Y et al. Effect of biologically relevant io
standing of magnesium corrosion. Acta Biomater (2013), http://dx.doi.org/10.1
ucts formed on the surface (Fig. 7c). A thick layer of corrosion prod-
ucts was uniformly formed on the surface of the sample immersed
in solution 9 for 10 days, and the corrosion products penetrated
deep into the matrix (Fig. 7d). In the case of the sample tested in
solution 11 for 10 days calcium phosphate was deposited on the
surface without pitting corrosion, except for one area where severe
localized corrosion occurred in a place where the thick precipitate
become detached (Fig. 7e). As shown in Fig. 7f, the sample im-
mersed in solution 12 for 10 days was uniformly corroded without
severe localized corrosion. Some voids and corrosion products
formed by low level pitting corrosion were observed on the
surface.

Fig. 8 shows the thicknesses of the corrosion products and pre-
cipitates and the depths of corrosion pitting formed on samples
after immersion tests in each solution containing various ions at
various concentrations for 10 days. The thicknesses and depths of
corrosion products were measured on SEM images and using CT
data. The thicknesses of the corrosion products and depths of
pitting corrosion measured in samples immersed in solutions
ns on the corrosion products formed on alloy AZ31B: An improved under-
016/j.actbio.2013.03.026
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Fig. 4. SEM images of corroded surfaces after immersion tests for 10 days. (a) Solution 1; (b) solution 3; (c) solution 6; (d) solution 9; (e) solution 11; (f) solution 12.

Table 2
Chemical compositions of corrosion products formed on the surface after immersion tests in solution for 1 and 10 days detected by EDX analysis (at.%).

Solution Immersion time C O Na Mg Al P Cl Ca Zn

1 1 day 10.12 28.51 0.54 58.64 1.95 0.00 0.23
10 days 4.15 63.12 0.48 30.50 1.70 0.06 0.00

3 1 day 6.55 37.50 0.40 52.45 1.90 0.74 0.13 0.33
10 days 4.80 62.85 0.00 29.25 3.05 0.05 0.00 0.00

6 1 day 4.28 54.26 0.41 30.28 1.67 8.68 0.00 0.41
10 days 7.50 69.49 0.35 15.18 2.74 3.94 0.04 0.76

9 1 day 6.89 69.96 0.11 17.78 4.54 0.16 0.57
10 days 9.72 69.29 0.09 16.16 4.23 0.06 0.44

11 1 day 3.67 60.11 0.18 0.22 0.00 12.49 0.00 23.32 0.00
10 days 2.31 63.32 0.59 0.32 0.23 12.32 0.00 20.69 0.23

12 1 day 4.94 62.48 0.11 17.22 4.64 5.91 0.00 4.51 0.21
10 days 4.73 62.01 0.34 10.00 4.40 8.80 0.09 8.97 0.67
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containing calcium salts (solution 2–4) for 10 days were similar to
the value for the sample immersed in NaCl solution (solution 1). In
the case of samples tested in solutions including phosphate salts
Please cite this article in press as: Jang Y et al. Effect of biologically relevant io
standing of magnesium corrosion. Acta Biomater (2013), http://dx.doi.org/10.1
general and pitting corrosion of the sample tested in solution 5
were decreased compared with the values for the sample im-
mersed in solution 1. Pitting corrosion was not observed on the
ns on the corrosion products formed on alloy AZ31B: An improved under-
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Fig. 5. EDX mapping data of cross-sections of corrosion products after immersion tests in solution for 10 days. (a) Solution 1; (b) solution 3; (c) solution 6; (d) solution 9; (e)
solution 11; (f) solution 12.

Fig. 6. Line analysis of cross-sections of corrosion products after immersion tests in solution for 10 days. (a) Solution 11; (b) solution 12.
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surface of samples immersed in solutions 6–7. The corrosion prop-
erties of the sample tested in solution 8, with a low concentration
of carbonate ions, was similar to the result fot the sample tested in
solution 1. However, as the concentration of HCO�3 ions was in-
creased more general corrosion progressed. No general corrosion
products or pitting corrosion were observed on the surface of the
sample tested in solution 11, which included calcium and phos-
Please cite this article in press as: Jang Y et al. Effect of biologically relevant io
standing of magnesium corrosion. Acta Biomater (2013), http://dx.doi.org/10.1
phate ions. Coupled with the EDX results, it appears that only cal-
cium phosphate was deposited on the surface. The thickness of the
general corrosion products and the depth of pitting corrosion for
the sample immersed in solution 12 were greater than those of
the sample in solution 6 with the same concentrations of HPO2�

4

ions, and were lower than those of the sample tested in solution
9 with the same concentration of HCO�3 ions.
ns on the corrosion products formed on alloy AZ31B: An improved under-
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Fig. 7. CT images of samples after immersion tests in solution for 10 days. (a) Solution 1; (b) solution 3; (c) solution 6; (d) solution 9; (e) solution 11; (f) solution 12.
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Fig. 9 shows XRD patterns collected for alloy AZ31B and the cor-
rosion products after immersion in each solution containing vari-
ous ions at various concentrations for 10 days. In addition to the
Mg peaks observed for an AZ31B sample before immersion, brucite
(Mg(OH)2) and a hydrotalcite (HT)-like compound ([Mg0.833-

Al0.167(OH)2](CO3)0.083�0.75H2O) were identified on samples after
immersion in solutions 1 and 3 for 10 days. The peaks associated
with the HT-like compound along with the Mg peaks were present
Please cite this article in press as: Jang Y et al. Effect of biologically relevant io
standing of magnesium corrosion. Acta Biomater (2013), http://dx.doi.org/10.1
in the case of the sample immersed in solution 9 for 10 days, at
intensities above those of the samples tested in solution 1 and 3,
however, no brucite peaks were observed. No additional peaks
other than those associated with Mg were observed on the
sample immersed in solution 6 even though P was detected by
EDX, as shown Table 2. The peaks identified on the sample im-
mersed in solution 11 were mainly octacalcium phosphate (OCP)
(Ca8H2(PO4)6�5H2O) and hydroxyapatite (HAp) (Ca10(PO4)6(OH)2),
ns on the corrosion products formed on alloy AZ31B: An improved under-
016/j.actbio.2013.03.026
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Fig. 8. Thicknesses of corrosion products and precipitates formed on and depths of
pitting corrosion in samples after immersion tests in each solution containing
various ions at various concentrations for 10 days.

Fig. 9. XRD patterns of corrosion products after immersion tests in solution for
10 days.
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and Mg peaks were not observed. However, only those peaks asso-
ciated with HAp and Mg were observed on the sample tested in
solution 12.
4. Discussion

In this study the effects of physiologically relevant salts on the
corrosion behavior of magnesium alloy AZ31B were investigated
individually at concentrations close to the physiological concentra-
tion and in also combination. Assessment tools included variations
in pH, observations of the morphology and cross-sections by SEM
and micro-CT, and comparisons of the chemical components using
EDX and XRD analysis of corrosion products after immersion tests.
The main corrosion mechanisms of alloy AZ31B in solutions includ-
ing chloride (solution 1) or chloride and calcium ions (solutions 2–4)
are localized corrosion and uniform corrosion, as confirmed in Figs. 7
Please cite this article in press as: Jang Y et al. Effect of biologically relevant io
standing of magnesium corrosion. Acta Biomater (2013), http://dx.doi.org/10.1
and 8. The corrosion products were mainly Mg(OH)2 and
[Mg0.833Al0.167(OH)2](CO3)0.083�0.75H2O, as shown in Fig. 9. HT is a
hydroxycarbonate of magnesium that has the typical chemical formula
Mg6Al2(OH)16CO3�4H2O and has a layered crystal structure which
consists of positively charged brucite-like layers (Mg6Al2(OH)16)2+

and negatively charged interlayers (CO3�4H2O)2�[23–25]. HT-like
compounds (HTlcs) are similar to HT and are represented by the gen-
eral formula [MII

1 � xMIII
x(OH)2]x+�[An�]x/n�mH2O, where MII and MIII

are divalent and trivalent metals, respectively, An� is a n-valent an-
ion, and the MII/MIII ratio is (1 � x)/x[24,26]. Many studies on the
structural and chemical properties as well as mechanisms of forma-
tion and decomposition of these HT and HTlcs have been reported
[23,24,27,28]. Their presence in the corrosion products or conver-
sion films formed on Mg–Al alloys in various corrosive environ-
ments has been verified by several researchers, and it has been
established in the literature that they improve the corrosion resis-
tance of Mg alloys in aggressive environments [25,26,29–33].

The corrosion rate of magnesium increased with increasing HCO�3
concentration [34]. Pardo et al. [35] reported that the main corrosion
product formed on the surface of some Mg–Al alloys in NaCl solution
was brucite (Mg(OH)2), with evidence of magnesite (MgCO3�2H2O)
due to dissolution of CO2 in the atmosphere was found using XRD.
The variation of pH increment for 10 day was not observed even
though pH increased considerably after 1 day in this study. The pH
of solution 1 in Fig. 2 show that pH was increased up to 9.9 with
an average daily increment of about 2.1. This may be caused by chlo-
ride ions and galvanic reaction, as although Mg(OH)2 is formed on
the surface in NaCl solution it can be converted into the more soluble
MgCl2 [36]. Additionally, the intermetallic phase in alloy AZ31B
can cause the formation of a microgalvanic couple at grain bound-
aries between the secondary phase and primary Mg matrix. These
reactions make the surface of magnesium alloys more active and
accelerate corrosion in NaCl solution.

No effect of calcium on corrosion behavior was observed in this
study, in agreement with a related study [13] in which phosphates
were deposited without calcium, but calcium could be only precip-
itated in the form of calcium phosphate when phosphate and cal-
cium were present together. The presence of Mg(OH)2 on the
surface without the presence of Ca2+ ions, as determined by EDX
and XRD measurements, can be explained by the equilibrium sol-
ubility constants of the metal hydroxides. The Ksp value at 25 �C
for Mg(OH)2 is 5.61 � 10�12 and that for Ca(OH)2 is 5.02 � 10�6.
Ca(OH)2 is more soluble than Mg(OH)2 and little or no Ca2+ salts
precipitate. The cation solubility effect is reversed for phosphate
ions, specifically in that the Ksp for Ca3(PO4)2 is 2.07 � 10�33 and
the Ksp for Mg3(PO4)2 is 1.04 � 10�24. Thus Ca2+ is more likely to
be detected as the phosphate salt than is Mg2+ on top of the surface
of corroding magnesium substrates [20].

The small variations in pH increment in solutions containing
HPO2�

4 may be attributed to several factors: the consumption of
OH– induced by dissolution of Mg when Mg3(PO4)2 was formed
on the surface by chemical reaction with HPO2�

4 in solution [18],
retarding the dissolution of Mg due to formation of stable dense
Mg3(PO4)2 on the surface, and the buffering effect of phosphate.
The Mg/P atomic ratio in our experiment was 3.85 according to
the EDX results in Table 2, which is higher than the expected
Mg/P atomic ratio of 1.5 suggested by the formula Mg3(PO4)2.
The presence of Mg(OH)2 as a corrosion product along with
Mg3(PO4)2 would account for this observation [37]. However, the
XRD peaks of Mg3(PO4)2 and Mg(OH)2 cannot be observed in
Fig. 9, even though P was detected by EDX. Thus the corrosion
products composed of Mg3(PO4)2 and Mg(OH)2 formed in solutions
containing HPO2�

4 may be amorphous and not crystalline [13]. The
many micro-cracks observed in the SEM images (Figs. 3c and 4c)
are probably produced due to dehydration of the corrosion prod-
ucts during the samples preparation process for SEM [18].
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The reduced pH increment in solutions containing carbonate
ions may be attributable to the consumption of OH� by
HCO�3 [38], the formation of HT [30,31], and the buffering effect of
carbonate [39]. The consumption of OH� by HCO�3 (Eq. (1)) and
the formation of HT (Eq. (2)–(6)) can occur by the following set
of reactions [30,31,38].

HCO�3 þ OH� ! CO2�
3 þH2O ð1Þ

5Mg2þ þ 2OH� þ 4CO2�
3 þ 5H2O!Mg5ðCO3Þ4ðOHÞ2 � 5H2O ð2Þ

5Al3þ þ 13OH� þ CO2�
3 þ 5H2O! Al5ðOHÞ13ðCO3Þ � 5H2O ð3Þ

3Mg2AlðOHÞ7 þ OH� þ 4:5H2O

!Mg6Al2ðOHÞ18 � 4:5H2Oþ AlðOHÞ�4 ð4Þ

6MgAl2ðOHÞ8 � xH2Oþ 10OH� !Mg6Al2ðOHÞ18 � 4:5H2O

þ 10AlðOHÞ�4 þ xH2O ð5Þ

Mg6Al2ðOHÞ18 � 4:5H2Oþ CO2�
3

!Mg6Al2ðOHÞ16CO3 � 4H2Oþ 2OH� þ 0:5H2O ð6Þ

A possible mechanism of formation of HT on the AZ31B alloy
was systematically organized and proposed by Chen et al. [31] as
follows: (i) formation of metastable hydrous carbonate (Eqs. (2)
and (3)); (ii) decomposition of the carbonate to form the precursors
of HT, which are Al-rich compounds, replacing of Mg2+ or Al3+; (iii)
dissolution of Al3+ from the precursor (Eqs. (4) and (5)); (iv) ex-
change of OH� for CO2�

3 .
Thick and uniform corrosion products composed of [Mg0.833-

Al0.167(OH)2](CO3)0.083�0.75H2O, not Mg(OH)2, were observed on
the surface of Mg alloy AZ31B immersed in solutions containing
carbonate in this study. Xin et al. [18] asserted that HCO�3 in solu-
tion accelerated the initial corrosion of magnesium but retarded
pitting corrosion and the corrosion rate in the long-term, due to
formation of a passivation layer consisting of magnesium
carbonate.

It is interesting that the pH decreased in solution 11, which in-
cluded both calcium and phosphate ions, as shown Fig. 2. The pH
usually increases during immersion tests of magnesium alloys be-
cause H2 and OH– are generated at both the anode and cathode as
magnesium is corroded [36]. The reason for the pH decrement in
solution 11 may be the formation of OCP or the transformation
of OCP to HAp on the surface of alloy AZ31B, as confirmed by the
XRD data (Fig. 9). These two processes increase the hydrogen ion
concentration, as shown in the following two chemical reactions
[40,41].

8Ca2þ þ 6HPO2�
4 þ 5H2O! Ca8H2ðPO4Þ6 � 5H2Oþ 4Hþ ð7Þ

Ca8H2ðPO4Þ6 � 5H2Oþ 2Ca2þ ! Ca10ðPO4Þ6ðOHÞ2 þ 3H2O

þ 4Hþ ð8Þ

However, in the case of solution 12 an increase in pH was ob-
served, which means that the rate of corrosion of the magnesium
alloy in the presence of carbonate was faster than the formation
of HAp in the presence of calcium and phosphate, as in solution
11. Our results show that the corrosion product morphology and
composition varied with solution pH when HAp (high pH) and
OCP (low pH) were formed, consistent with a similar reported
study [42]. The plate-like microstructures in the rosette clusters
of OCP and HAp in Figs. 3 and 4e have been observed in many pre-
vious studies [42–44] of calcium phosphate coatings on titanium
and magnesium alloys and in in vitro and in vivo tests for them
in SBFs. Reiner et al. [45] proposed a three stage mechanism: (1)
Please cite this article in press as: Jang Y et al. Effect of biologically relevant io
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precipitation of OCP; (2) hydrolysis of OCP to Ca-deficient HAp;
(3) OCP crystal growth, which initiates under low calcium ion con-
centration and pH conditions. Typically Ca/P atomic ratios can be
used to determine the nature of a particular calcium phosphate
phase: anhydrous calcium phosphate (CaHPO4) and calcium phos-
phate dehydrate (CaHPO4�2H2O) = 1.0; OCP (Ca8H2(PH4)6)�5H2

O = 1.33, tricalcium phosphate (Ca3(PO4)2) = 1.5; HAp
(Ca10(PO4)6(OH)2) = 1.67 [46]. Using the results of EDX (Table 2)
and XRD (Fig. 9) we could confirm that the calcium phosphate
phases formed on the surface in solution 11 were OCP and HAp.
The corrosion products formed in solution 12 were identified as
HAp from the XRD patterns, but we could not precisely determine
the cause of the low Ca/P ratio and the high concentration of alu-
minum in the corrosion product. We hypothesize that the cause
may be the presence of magnesium apatite (Ca0.86, Mg0.14)10

(PO4)6(OH)2[47] and a small quantity of HTlcs.
Two particular noteworthy phenomena were observed in this

study. Firstly, as shown in Fig. 5, the amount of aluminum was rel-
atively greater in the corrosion products in solutions 9 and 12 than
in the matrix of AZ31B and the corrosion products formed in other
solutions. Secondly, more calcium was present in the top layer
than in the bottom layer of the corrosion products created in solu-
tion 12, which included calcium, phosphate and carbonate ions.
5. Conclusion

The primary corrosion products formed in NaCl solution were
brucite and HTlcs. The corrosion behavior in NaCl solution with
Ca2+ was similar to the corrosion behavior in NaCl solution. Corro-
sion resistance increased with increasing HPO2�

4 concentration, due
to the formation of a stable passivation layer. A thick corrosion
product layer of HTlc formed on the magnesium alloy surface on
addition of HCO�3 to the chloride solution. OCP and HAp formed
when calcium and phosphate ions were in solution in the presence
of the Mg alloy (AZ31B). In conclusion, we have found individual
roles of the three constituents Ca2+, HPO2�

4 , and HCO�3 and their
influence on the corrosion product layer during magnesium corro-
sion, and have gained an insight into the effect of combinations of
these physiological salts when combined. It is hoped that these
data and this analyis will be used in future studies to help elucidate
the corrosion behavior of Mg alloys in vivo, and lead to better
in vitro tests that are predictive of the in vivo behavior of
magnesium.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 1, 2, 5, 6, 8 and 9
are difficult to interpret in black and white. The full colour images
can be found in the on-line version, at http://dx.doi.org/10.1016/
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