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Corrosion degradation behavior of Mg—Ca alloy with high Ca content in SBF
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Abstract: The corrosion degradation behavior of a Mg—Ca alloy with high Ca content aiming for a potential bone repair material in
the simulated body fluid (SBF) was investigated. The microstructure and phase constitution of the pristine Mg—30%Ca (mass fraction)
alloy were characterized with scanning electron microscopy (SEM) and X-ray diffraction (XRD). The Mg—30%Ca alloy samples
were immersed in the SBF for 90 d, and the morphology, composition and cytotoxicity of the final corrosion product were examined.
It is found that Mg—30%Ca alloy is composed of a-Mg and Mg,Ca phases. During the corrosion process in the SBF, the Mg,Ca
phase acts as an anode and the a-Mg phase acts as a cathode. The final corrosion product of the Mg—30%Ca alloy in SBF includes a
small amount of black precipitates and white suspended particles. The white suspended particles are Mg(OH), and the black particles
are believed to have a core—shell structure. The cytotoxicity experiments indicate that these black precipitates do not induce toxicity

to cells.
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1 Introduction

In recent years, the research on a new generation of
Mg-based biodegradable alloys has attracted sharply
increasing attention [1-3]. As a lightweight metal with
mechanical properties similar to those of natural bone
and in vivo degradability via corrosion in the electrolytic
environment of the body, Mg and its alloys have the
potential to be used in biocompatible, osteoconductive,
degradable implants for load-bearing and bone repairing
applications. At present, the major drawback of Mg
alloys serving as implant materials is their high corrosion
rate in physiological environment, and thereby the loss of
their mechanical integrity before could
sufficiently heal [4—7]. The corrosion rate of Mg can be
improved in various ways, mainly by surface coating and
alloying [8—11].

Ca is one of the common alloying elements for Mg
and plays a crucial role in the formation of bone [12,13].
The previous studies have shown that Mg—Ca alloys
degrade within bones and have good biocompatibility
both in vivo and in vitro [14,15]. However, systematic
study on the corrosion degradation behavior of high Ca

tissues

content Mg—Ca alloys is lacking in literature.

Recently, some researches have indicated that the
Mg—-Ca alloy was absorbed completely except for a
small amount of non-biodegradable Mg particles [15,16].
For the pure Mg, MAKAR and KRUGER [17] also
reported that residual Mg particles were locally formed
by the dissolution of the surrounding matrix after 7 d
immersion in sodium borate (pH=9.2), but its
bio-security had not been assessed in the previous work.
In this work, a Mg—30%Ca alloy, featured with large
amount of intermetallic compound secondary phase, was
studied to clarify the role of the secondary phase in the
corrosion degradation process in simulated body fluid
(SBF), and the bio-security of residual particles was
assessed by cytotoxicity text.

2 Experimental

2.1 Preparation of Mg—30%<Ca alloy

Pure Mg (99.9%) ingot was melted at 720 °C under
the protection of gas mixture containing SF¢ and N,. The
calculated amount of Mg—45%Ca (mass fraction) master
alloy was added to the Mg melt and then held for 30 min
to ensure that the Mg—Ca master alloy got melted and
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diffused sufficiently. After that, the Mg—30%Ca (mass
fraction) alloy melt was cast into a steel mould at 670 °C.

2.2 Characterization

The miscrostructural observations were performed
on an optical microscope (OLYMPUSU-TV0.5XC-3)
and a scanning electron microscope (SEM, JOEL 6700F,
Japan). The phase constitution was characterized by
X-ray diffraction (XRD, Rigaku D/max/2500PC).

The SBF immersion test was carried out in
accordance with ASTM—G31-72[18]. The pH value of
the SBF was adjusted to 7.4, and the temperature was
kept at 37 °C in a water bath. The ion concentration was

tested using a multi-parameter ion analyzer (HANNA HI83200).

Three tests were taken for each measurement. After
different immersion periods, the samples were removed
from SBF and then carefully rinsed with distilled water
before they are dried by warm air. The corrosion
products were then removed by a chromate solution for
the surface morphology and composition characterization
by SEM, energy dispersion spectroscopy (EDS), XRD
and X-ray photoelectron spectroscopy (XPS).

The electrochemical impedance spectroscopy (EIS)
experiments were performed in a three-electrode cell,
using a Pt foil as the counter electrode and a Ag/AgCl
(saturated KCI) electrode as the reference electrode,
using a Zahner Zennium electrochemical workstation
with the frequency range of 100 kHz to 1 mHz and the
sinusoidal signal perturbation of 10 mV.

L-929 cells were cultured in the Dulbecco’s
modified Eagle’s medium (DMEM), 10% (volume
fraction) fetal bovine serum (FBS), 100 U/mL penicillin
and 100 mg/mL streptomycin at 37 °C in a humidified
atmosphere with 5% CO,. The cytotoxicity tests were
carried out by indirect contact. The extracts were
prepared according to GB/T 16886 [19]. The corrosion
products were sterilized by irradiation. The extraction
medium was diluted to 50% and 10%, sequentially. The
cells were incubated in 96-well flat-bottomed cell culture
plates at 50 cell/uL medium in each well and incubated
for 24 h to allow attachment. The medium was then
replaced with 100 uL extracts. The cells was incubated in
a humidified atmosphere with 5% CO, at 37 °C for 2, 4
and 7 d, respectively, and then the cell viability was
measured by MTT (methyl thiazolyl diphenyl-
tetrazolium bromide).

3 Results and discussion

3.1 Phase constitution and microstructures

Figure 1 shows the XRD pattern of the Mg—30%Ca
alloy. In addition to the major Mg phase, the peaks of the
Mg,Ca phase were also detected. Figure 2 shows the
microstructure and EDS results of Mg—30%Ca alloy

sample. A eutectic lamellar structure can be seen at the
grain boundaries. Figures 2(c) and (d) show the EDS
analysis results of matrix phase and precipitate phase,
respectively. The mole fractions of Ca are 2.38% in the
matrix and 26.22% in the precipitate phase, and
combined with the XRD result and Mg—Ca phase
diagram, the matrix phase and precipitate phase are
a-Mg and Mg,Ca, respectively.

*— o-Mg
o— Mg,Ca

10 20 30 40 50 60 70 80
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Fig. 1 XRD pattern of Mg—30%Ca alloy

3.2 Electrochemical behavior in SBF

Figure 3 shows the polarization curves of
Mg—30%Ca alloy recorded in the SBF solutions at
different testing time. It can be seen that the corrosion
potential continuously decreases and the anodic
polarization current density increases in the first 8 h
immersion. The corrosion potential is the combined
result of the electrochemical reaction at the interface
between sample and the SBF solution. The corrosion
potential decreases in the first 8 h immersion, indicating
that the corrosion sensitivity increases with the extension
of immersion time. However, in the period of 8-24 h
immersion, the corrosion potential gradually increases
and the anodic polarization current density decreases,
which can be attributed to the passivation effect of
corrosion products on the sample surface.

Figure 4 presents the EIS measurement results of
the Mg—30%Ca alloy immersed in SBF solution for
4-24 h. The EIS spectrum is characterized by two
capacitive semicircles and an inductive semicircle: a
capacitive loop in the high frequency region, a capacitive
loop in the middle frequency region, and an inductive
loop in the low frequency region. It can be found that in
the first period of 8 h immersion, the capacitive loop in
the high frequency region continues to shrink, suggesting
that the corrosion rate continues to increase in the initial
stage of immersion. However, when the immersion time
exceeds 8 h, the capacitive loop in the high frequency
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Fig. 2 SEM micrographs (a,b) of Mg—30%Ca alloys and EDS spectra of matrix phase (¢) (marked by arrow in (a)) and precipitate

phase (d) (marked by cross-hair in (b))
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Fig. 3 Polarization curves recorded on Mg—30%Ca alloy

electrodes at different immersion time

region gradually expands until the immersion time
reaches 24 h, suggesting that the corrosion rate continues
to decrease. Once the Mg—30%Ca alloy surface contacts
with the SBF solution, the electric double layer forms.
The SBF solution contains a certain amount of chloride
ions, which will penetrate the electric double layer and
electrochemically react with the alloy matrix to cause
pitting corrosion.
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Fig. 4 Nyquist plots of Mg—30%Ca samples immersed in SBF

with different time

Therefore, the corrosion product layers formed in
the first 8 h do not have sufficient protection effect
against pitting corrosion. With increasing the immersion
time, some infusibility corrosion products continually
deposit on the sample surface, which have a protective
effect and can inhibit pitting expansion, leading to fact
that the high-frequency capacitive arc expands after a
certain immersion time.
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3.3 Immersion test of Mg—30%Ca alloy

Figure 5 shows the SEM image of the surface of
Mg—30%Ca alloys immersed in SBF for 25 min. It can
be clearly seen that crack is observed on the surface of
sample. Therefore, the corrosion product layer does not
have good protection effect for the matrix. The EDS
analysis results (as shown in Fig. 5(b)) indicate that the
corrosion layer is constituted by Ca, Mg and O. Since H
cannot be measured by EDS, the existence of hydroxides
cannot be ruled out. Figure 6 illustrates the XRD patterns

(b) Mg
Element w/% x/%
0 11.92 17.82
Mg 7648 7525
Ca 11.61 6.93
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Energy/keV
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Fig. 5 SEM micrograph of Mg—30%Ca alloy after immersion
in SBF for 25 min (a) and EDS spectrum corresponding to
framed area in (a) (b)
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Fig. 6 XRD patterns of Mg—30%Ca alloys immersed in SBF
for 15 min and 25 min

of Mg—30%Ca alloy samples after immersing in SBF for
different immersion periods. The XRD spectra show that
Mg(OH),, MgO and CaCO; are the dominant corrosion
products in the Mg—30%Ca alloy sample immersed in
SBF for 25 min.

Figures 7(a) and (b) show the surface morphologies
of Mg—30%Ca alloy samples after immersion in SBF for
15 and 25 min, respectively. After immersion for 15 min,
pitting corrosion can be observed on the surface and
increases significantly after immersion for 25 min.
Figure 7(c) shows that the corrosion occurs at the grain
boundary which enrichs with a large number of Mg,Ca.

Fig. 7 SEM micrographs of Mg—30%Ca alloy after immersion
for 15 min (a) and 25 min (b) and SEM micrograph of framed
area in (b) (c)
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It indicates that the Mg,Ca phase is preferred for
corrosion in the Mg/Mg,Ca galvanic corrosion system.
This result is consistent with the relevant result reported
by DU et al [20].

Figure 8 shows the XPS spectra of Mg—30%Ca
alloy that was immersed in SBF for 3 min. Figure 8(a)
depicts the XPS spectrum of Ca 2p of sample, and the
curve-fitting of spectrum using four peaks gives a
reasonable match. Those peaks are located at 350.9 eV
(2p3;2) and 347.5 eV (2p1p), 346.7 eV (2p3p) and 351.8
eV (2py2), which are assigned as CaO [21] and Ca(OH),
[22] peaks, respectively. Similarly, the XPS spectrum of
Mg 1s is also given (Fig. 8(b)), two peaks fitted are
located at 1304.35 eV (1s) and 1302.7 eV (1s), which
correspond to the peaks of MgO [23] and Mg(OH), [24],
respectively. The results of XPS analysis indicate that the
main components of corrosion film are oxide and
hydroxide of Mg/Ca at the beginning of immersion.

(@)

Ca 2p,»
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Fig. 8 XPS spectra of Ca 2p (a) and Mg 1 s (b) of Mg—30%Ca

sample after immersion for 3 min

According to the above results, it is reasonable to
believe that once the fresh Mg alloy surface is exposed to
SBF, an oxide film (MgO/CaO) forms on the surface of
Mg alloy immediately. The oxide film is not a stable
presence in the SBF. Part of MgO converts to Mg (OH),
which is manipulated by a dissolution—precipitation

mechanism [14]. The existence of chloride will maintain
the homeostasis of this dissolution—precipitation process,
ie., Mg(OH), reacts with chloride to form soluble
MgCl,. CaO is also a product extremely unstable in SBF.
It will turn into Ca(OH), and reacts with CO327 to
generate a small amount of precipitate on the surface.
Since the underlying oxide film cannot prevent the
diffusion of the electrolyte into the alloy surface,
galvanic corrosion will occur. As mentioned above, the
Mg phase is a cathode, and the Mg,Ca phase is preferred
for corrosion in the Mg/Mg,Ca galvanic corrosion
system.

Based on the above analyses, a corrosion model of
Mg—Ca alloy was proposed, as shown in Fig. 9. An oxide
film (MgO/Ca0O) immediately forms when the Mg—Ca
alloy is immersed in SBF solution, which forms the
innermost layer of the entire corrosion product layer (Fig.
9(a)). Then, the oxide grows into the hydroxide film by
hydration reaction, which forms the intermediate
corrosion production layer (Fig. 9(b)). CI" in SBF tends
to convert hydroxide film into soluble chlorides which
can diffuse into SBF solution from the alloy surface.
Therefore, the electrolyte solutions readily penetrate to
the alloy surface and the Mg/Mg,Ca galvanic corrosion
can be promoted. After a period of corrosion, some
particles separate from the alloy surface when the Mg,Ca
phase at grain boundary is completely corroded. At the
meantime, with increasing the concentrations of Mg**
and Ca’" ions, Mg/Ca salt, especially the carbonate,
attaches to the matrix surface, leading to the fact that the
corrosion rate drops significantly as they are
nonconductive. Therefore, the outermost layer of entire
corrosion product would be a mixture composed of
Mg/Ca hydroxide and carbonate precipitate (Fig. 9(c)).
In summary, the corrosion product film of Mg—Ca alloys
is believed to have a multi-layered structure. The
outermost layer is mainly a composite of CaCOs/
Mg(OH), precipitates, and the innermost layer is a dense
mixture of MgO/CaO oxides, while the intermediate
layer is composed of Mg(OH),.

SBF

SBF
Mg(O/CaO Mg,Ca Infiltration ul'{:lcmrulylc

Mg Mg(OH),/Ca(OH), \ Preferetial corrosion
2 2 \

,-"r Galvanic corrosion

SBF {b.J

: | Grain spalling _

(c)

Fig. 9 Formation model of innermost layer (a), intermediate
layer (b) and outermost layer (c) of entire corrosion product
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3.4 Testing and analysis of corrosion products of

Mg—Ca alloy in SBF

A small amount of black powder precipitates and
white suspended particles are found in SBF solution after
Mg—Ca alloy immersion for a period of time and the
black powder is found very difficult to be further
corroded even immersion in SBF exceeding 90 d. After
centrifugal separation treatment, the mixture of black
powder and suspended particles is obtained. Figure 10
presents the XRD patterns of this mixture powder and
the single black powder. It can be seen that the main
compositions of mixture powder are Mg, Mg(OH),,
MgO and Mg,Ca. Compared with the peak strength of

*— Mg(OH),
+— Mg,Ca
o— Mg

T a— MgO

Black
powder
a

ixture powder
60 70 80

30 50
200°)

1020 30

Fig. 10 XRD patterns of corrosion products
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Mg(OH), of the black powder, that of the mixture
powder increases obviously, indicating that the main
composition of suspended particles should be Mg(OH),.

Figure 11(a) shows the morphology of black powder.
It can be seen that these particles have irregular shape
with a large amount of micro-particles deposited on it, as
shown in Fig. 11(b). The EDS examination of the powder
particles (Fig. 11(c)) indicates that the main components
are Mg, Ca, O and C. This result is consistent with the
XRD result of the powder particles. A profile picture
given in Fig. 11(d) indicates a shell package around the
Mg particle (indicated by arrow). Combining the EDS
and XRD results of the powder particle, the typical
schematic diagram of black powder particle is proposed
in Fig. 11(d). The black powder should be a core—shell
structure consisting of a-Mg particle core and Mg(OH),,
MgO and Mg/Ca salt shell and this shell is very dense,
therefore, these particles are very difficult to be further
degraded in SBF.

3.5 Cytotoxicity text of corrosion products

The morphologies of L-929 cells cultured in the
extraction media for a period of 2, 4 and 7 d, respectively,
are presented in Fig. 12. All the results of the 100%, 50%,
and 10% black corrosion product extraction media and
the contrast group exhibit a healthy cell morphology with
flattened spindle shape and adhered well. It can also be
seen that the cell viability is positively influenced by

Fig. 11 SEM micrograph of black powder particles (a), SEM micrograph (b) and EDS spectrum (c) of particle of framed area in (a),

and sectional view of black powder particle (d)
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Fig. 12 Optical micrographs of L-929 cells cultured in contrast (a;—a;) and 100% extract (b;—b;), 50% extract (c;—c3), and 10%
extract (d]*dg,) fOI' 2 d (al, b], Cy, d]), 4 d (32, b2, Co, d2) and 7 d (33, b3, C3, d3)

160 F = 100% extract
=50% extract
= | (0% extract

140

=
S 120
.':é
Es 100

80

60

2 4 7
Time/d

Fig. 13 L-929 cell viability cultured in different extracts after
incubation for 2,4 and 7 d

higher extract concentration (Fig. 13), suggesting that the
Mg/Ca ions can effectively induce the growth of
osteoblast cell.

As mentioned above, it is found that the black
corrosion product is difficult to be further corroded
under immersion in SBF for over 90 d. If the
corrosion product residues in the human body, it
may be swallowed by giant cell or macrophage. This is
similar to the fact that the Ca salt produced in the
corrosion process can be digested in the cell or
absorbed by surrounding lymphoid tissue [25]. After
the corrosion particles are phagocytosed by giant cell
or macrophage, they can release a series of
inflammatory factors such as interleukin IL-14 and
IL-6. They can act on osteoclasts to lead to osteolysis.
Mg—Ca alloys as bone fixation materials will produce
corrosion particles in the degradation process, as
reported by KIRKLAND et al [26]. Therefore, the
biological safety of the corrosion product particles,
which will remain in human body, is worthy to be further
studied.
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4 Conclusions

1) The Mg—30%Ca alloy is constituted by a-Mg and
Mg,Ca phases. During the process of corrosion, the
Mg,Ca phase acts as an anode and the a-Mg phase acts
as a cathode.

2) The corrosion product film on the surface of
Mg—-30%Ca alloy in SBF is mainly constituted by
Mg(OH),, MgO, CaO and Ca(OH),.

3) The corrosion product of the Mg—30%Ca alloy in
SBF consists of a small amount of black powder
precipitates and some white suspended particles. The
white suspended particles are detected to be Mg(OH),
and the black particles are believed to have a core—shell
structure consisting of a-Mg particle core and a dense
salt shell of Mg(OH),, MgO and Mg/Ca mixture. The
cytotoxicity experiments indicate that these black
powder precipitates do not induce toxicity to cells.
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