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a  b  s  t  r  a  c  t

The  effect  of  bicarbonate  on biodegradation  of  pure  magnesium  in  a  simulated  body  fluid  is investigated
by  means  of  X-ray  diffraction,  X-ray  photoelectron  spectroscopy,  polarization  curve  and  electrochemi-
cal  impedance  spectroscopy.  The  results  show  that  magnesium  biodegrades  rapidly  and  non-uniformly
during  27  h of immersion  in  four  simulated  body  fluid  solutions  containing  different  concentrations  of
bicarbonate.  The  biodegradation  rate  first  decreases  and then  increases  with  time.  A small  amount  of
eywords:
agnesium
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iodegradability
urface film

bicarbonate  in  simulated  body  fluid  has  an inhibition  effect  on  the Mg  dissolution,  while  an overdose
of  bicarbonate  addition  activates  the  magnesium  surface  in  the  simulated  body  fluid. The  interesting
phenomena  can  be interpreted  by  a surface  film  model  involving  precipitation  of calcium  carbonate
and  further  ionization  of  bicarbonate  in  the  simulated  body  fluids,  incorporation  of calcium,  carbonate
and  phosphate  compounds  in  the  surface  film,  and  development  of  chloride-induced  pitting  corrosion

m  wi
damage  on  the magnesiu

. Introduction

New biomaterials normally need to pass in-vitro tests for their
iocompatibility before in-vivo experiments. Otherwise, they will
ot be further considered for possible clinic applications [1]. As
ost in-vitro tests are conducted in simulated body fluid (SBF) solu-

ions [2–15], SBFs have become important media in development
f new biomaterials.

A SBF basically mimics human blood plasma and contains sim-
lar levels of the main inorganic components in the human body
16]. In a selected SBF solution, in-vivo behaviours of an implant

aterial can be reproduced or demonstrated to some degree [17].
here have been several SBF solutions with different inorganic
on concentrations developed and used in biocompatibility stud-
es [18–22]. It is important to learn how the inorganic ions in a SBF
ffect the bioactivity of a biomaterial.

In biomaterial studies, the development of new biodegradable
aterials is an important topic, because a biodegradable material
n the human body can be gradually dissolved, absorbed, con-
umed and excreted, and thus no secondary surgery is needed
o remove it after the surgery region has healed. Magnesium is
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© 2013 Elsevier Ltd. All rights reserved.

potentially a biodegradable material because of its outstanding
biological properties [23]. Firstly, Mg2+ is an essential element in
the human body [24]. It is beneficial to bone strength and growth
[25,26]. Secondly, Mg  alloys have specific density (1.74–2 g/cm3)
and Young’s modulus (41–45 GPa) close to those (1.8–2.1 g/cm3,
3–20 GPa) of human body’s bones, which make magnesium alloys
superior to other artificial implant materials [27]. However, Mg
alloys are corroded rapidly in chloride containing solutions [28–33],
including the human body fluid or blood plasma [34]. Even worse,
the corrosion is always accompanied by hydrogen evolution and
solution alkalization [35]. These by-products can delay the healing
of surgery region and may  even result in necrosis of tissues [36]. To
solve the rapid corrosion induced problems, the biodegradation of
Mg in the human body must be reliably predicted and effectively
controlled. Understanding the in-vitro behaviour of Mg  is a key to
tailored Mg  in-vivo biodegradation, and comprehending the influ-
ence of SBF composition on Mg  biodegradation performance is a
foundation for research aiming at this goal.

There are already many studies investigating the in-vitro and
in-vivo biodegradability of Mg  alloys [37–42]. Witte et al. [43]
compared in-vivo bone responses to four different Mg  alloys and
found that a higher Mg2+ concentration activated bone cells. Song
[44,45] proposed a strategy including three basic approaches: (1)

purification, (2) alloying and (3) surface treatment/coating to slow
down the biodegradation rate of Mg  alloys for the human body to
gradually adjust, adapt and deal with the hydrogen evolution and
solution alkalization. Recently, many more papers [46–55] have

dx.doi.org/10.1016/j.electacta.2013.10.131
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
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Table 1
Ion concentrations (mmol/L) of SBF solutions.

SBF Solution Na+ K+ Mg2+ Ca2+ Cl− HCO3
- HPO4

2− SO4
2−

Modified SBF-2 117.0 5.0 1.5 2.5 125.0 2.0 1.0 0.5
Modified SBF-15 130.0 5.0 1.5 2.5 125.0 15.0 1.0 0.5
Normal SBF-27 142.0 5.0 1.5 2.5 125.0 27.0 1.0 0.5
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Modified SBF-40 155.0 5.0 1.5 

lso been published aiming to improve the biodegradation perfor-
ance of Mg  alloys. However, most of the investigations are mainly

ocused on understanding the effect of a Mg  alloy’s composition,
icrostructure and surface condition on its biodegradability. How

he ions in the body fluid affect the corrosion of implanted Mg  alloys
as rarely been investigated yet [56–58].

This paper investigates the influence of bicarbonate on Mg
iodegradation behaviour in a SBF. The selection of bicarbonate
s an influencing factor in this study is based on the fact that
icarbonate has a contribution to the composition and structure of
alcium phosphates precipitated on a biomaterial [59]. However,
ts concentration varies in different SBFs [60]. The investigation

ill help compare and understand the differences in biodegrad-
bility when Mg  is tested in different SBF solutions. In this regard,
here has been an important study [61] showing that the surface
lm on Mg  could become more protective in a SBF when bicarbon-
te concentration increases from 4 mmol/L to 27 mmol/L. It would
e interesting to learn whether the protection performance of the
urface film on Mg  can be further enhanced if more bicarbonate
ons are present in the SBF. A study on the effect of bicarbonate
n a wider concentration range on Mg  biodegradability will lead to

 more comprehensive understanding of the in-vitro and in-vivo
iodegradation behaviours of Mg.

. Experiments

.1. Sample

1 cm × 1 cm × 1 cm cubic coupons cut from a pure magnesium
99.96 wt%) ingot were used in this study. Some of the coupons
braded with SiC paper (to P#1000), cleaned with distilled water
nd alcohol and then dried with flowing air were used for immer-
ion test. The other coupons were mounded with epoxy resin and
ade into electrodes with a 1 cm2 area exposed as their work-

ng surfaces. The surfaces were also abraded with SiC paper up to
#1000, quickly rinsed with distilled water and alcohol, and then
ried in flowing air. All the prepared coupons and electrodes were
tored in desiccator before tests.

.2. Solution

A normal SBF solution (Normal SBF-27) used in this study
as prepared using the following analytical chemicals: 6.547 g/L
aCl, 2.268 g/L NaHCO3, 0.373 g/L KCl, 0.268 g/L Na2HPO4·7H2O,
.305 g/L MgCl2·6H2O, 0.278 g/L CaCl2, 0.071 g/L Na2SO4 and
.057 g/L (CH2OH)2CNH2 (TRIS). These chemicals were separately
issolved in distilled water to make into concentrated solutions.
hey were poured into a beaker one by one and continuously
tirred. To avoid precipitation, 4 mL  of HCl (1 mol/L) was  added into
he beaker before CaCl2 addition. After all the chemicals had been
ully mixed in the beaker, the solution was diluted with distilled
ater to a desired volume.
To investigate the effect of bicarbonate on Mg  biodegradation
ehaviour, 3 modified SBF solutions, Modified SBF-2, Modified SBF-
5 and Modified SBF-40, were also prepared in the same way  as the
ormal SBF by simply altering the amount of NaHCO3 added. The
.5 125.0 40.0 1.0 0.5

SBF solutions were adjusted with NaOH to pH 7.4. The inorganic ion
concentrations of these BSF solutions are listed in Table 1. The SBF
solutions after preparation were used for tests immediately. Their
temperatures were controlled at 37 ± 1 ◦C during tests.

2.3. Tests

The pure Mg  coupons were hanged with fine nylon lines and
immersed in beakers containing 300 mL  of the normal and modi-
fied SBF solutions, respectively. After 27 h of immersion, they were
taken out and resined with distilled water. Their surface morpholo-
gies were observed under a light optical microscope (Olympus
BX51M) and recorded with a digital camera.

The corrosion products formed on the Mg  surfaces after immer-
sion were analysed by XRD using Rigaku D/Max-2500 X-ray
diffraction instrument with Cu K� as X-ray source. Some areas of
interest were further investigated by XPS using a PE model PHI-
1600 X-ray photoelectron Spectroscopy system.

A traditional three-electrode electrolyte cell was used for elec-
trochemical measurements. The cell contained 300 mL  of the SBF
solutions, in which the working electrode was the Mg  electrode,
the counter electrode was  a Pt foil, and a Saturated Calomel Elec-
trode (SCE) was  used as the reference. All electrochemical tests
were conducted using a PARSTAT 2273 electrochemical system.

AC Electrochemical Impedance Spectroscopy (EIS) was
employed in this study. EIS spectra were repeatedly mea-
sured at the open-circuit potentials at different times after pure
Mg had been immersed in the SBF solutions. A 5 mV-amplitude
of AC potential perturbation was  used to stimulate the Mg/SBF
system and the frequency range was  set from 100 kHz to10 mHz.
Polarisation curves were measured after the pure magnesium
electrode had been immersed in the SBF solutions for 5 min. Poten-
tiodynamic scanning started from −2 V vs. SCE towards an anodic
potential at a rate of 15 mV/min until the polarisation current
exceeded 100 mA.  The EIS and polarization curve measurements
were repeated at least 3 times under each condition.

3. Results

3.1. Corrosion morphology

After 27 h of immersion, the Mg  specimen surfaces were sig-
nificantly dissolved. The damage was featured by deposited white
corrosion products. The biodegradation of Mg  in these SBFs was
non-uniform; the damage was distributed in some local areas. Fig. 1
shows some typical areas of the corroded Mg  coupons. Apart from
the corroded areas covered by white corrosion products, there
are some dark or black regions on the specimen surfaces, which
appear to be undamaged. The corroded area in Modified SBF-2 is
the largest; in Modified SBF-15 the damaged area is smaller; the
least corrosion damage appears on the coupon immersed in Nor-
mal  SBF-27; the damage however becomes more severe again in

Modified SBF-40. Based on this observation (Fig. 1), the degrees
of corrosion damage or the biodegradation rate of Mg  in the four
different SBF solutions can be qualitatively rated in the following
order:
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Fig. 1. Surface morphologies of Mg  coupons after 27 h of immersion in (a) modified SBF-2, (b) modified SBF-15, (c) normal SBF-27 and (d) modified SBF-40.

Table 2
XPS analysed composition of an “undamaged” surface area for pure magnesium after
immersion in normal SBF-27 for 27 h.
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Element O1s C1s Mg2p P2p Ca2p Zn2p

Atom. (%) 41.9 41.6 6.1 5.8 4.3 1.4

Modified SBF-2 > Modified SBF-15 > Modified SBF-40 > Normal
BF-27

.2. Surface composition

The Mg  coupon surfaces after 27 h of immersion in the SBF solu-
ions were analysed by XRD. Although the Mg  and Mg(OH)2 peaks
n XRD were weak, they can be distinguished from the background
oise. Except Mg  and Mg(OH)2, no other signals can be picked up

rom XRD. Fig. 2 shows a typical XRD spectrum for Mg  after immer-
ion in Normal SBF-27.

To more comprehensively learn the surface composition, XPS
as utilised to analyse the undamaged surface areas where no
hite corrosion products were formed. Table 2 lists the compo-

ition of such an area on Mg  after immersion in Normal-SBF-27
or 27 h. It shows that this area contains some Mg,  P, Ca and Zn
n addition to large amounts of C and O. As all the SBF solutions
ontain C, P and Ca, it is not surprising that these elements get onto

g  surfaces after immersion. The Zn signal might be an error of XPS

nstrument. In this study, the signal intensities of all the elements
aried when different spots on Mg  were chosen for XPS analysis.
his is probably due to the influence by various small amounts of
Fig. 2. XRD spectrum for Mg surface after 27 h of immersion in normal SBF-27.

Mg(OH)2 corrosion products deposited in different areas on the
undamaged surface. Hence, it is difficult to quantitatively interpret
the XPS results. In this case, a quantitative comparison of the Mg
surface compositions after immersion in different SBF solutions

is actually meaningless. Nonetheless, a conclusion can still be
drawn that the corrosion products on pure Mg  immersed in the
SBF solutions contain at least P and Ca.
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ig. 3. Polarisation curves of Mg  in SBF solutions with different bicarbonate con-
entrations.

.3. Polarization curve

The polarization curves of pure Mg  in the 4 SBF solutions are
resented in Fig. 3. It seems that Mg  has similar cathodic polariza-

ion curves, but its anodic polarization behaviours are evidently
ifferent. There is a wide linear Tafel region on the anodic polari-
ation curve for Mg in Modified SBF-2, but when the bicarbonate
oncentration becomes higher, the anodic polarization curve

Fig. 4. EISs for Mg  measured at different times in different SBF solutions: (a) modi
cta 115 (2014) 56– 65 59

shows two different regions, for example in Modified SBF-15,
SBF-27 and SBF-40. It seems that Mg  experiences somewhat “pas-
sivating” in the relatively low potential range and then becomes
“active” in the high potential region in the SBFs containing more
than 2 mmol/L bicarbonate. The anodic current densities in the
“active” region decrease as more bicarbonate ions are added in the
SBF solution. However, the anodic current densities in the “pas-
sive” region do not always decrease with increasing bicarbonate
concentration; when the SBF contains more than 27 mmol/L of
sodium bicarbonate (for example, in SBF-40), the anodic current
densities become even higher. For Mg  in SBF-15, SBF-27 and
SBF-40, the anodic polarization curves in the “passivating” regions
have a linear Tafel characteristic.

If the cathodic Tafel regions and anodic Tafel straight lines are
extrapolated to the open-circuit potentials, the corrosion rates of
Mg in SBF-2, SBF-15, SBF-27 and SBF-40 can be roughly estimated
to be 0.25 mA/cm2, 0.22 mA/cm2, 0.15 mA/cm2 and 0.19 mA/cm2,
respectively. Correspondingly, the corrosivity of these SBF solutions
can be rated as follows:

Modified SBF-2 > Modified SBF-15 > Modified SBF-40 > Normal
SBF-27which is the same as the rating based on the corrosion mor-
phologies of the magnesium in these solutions (see Fig. 1).
3.4. AC electrochemical impedance spectrum

The EIS spectra of Mg  immersed the four different SBF solu-
tions are presented in Fig. 4. Generally speaking, they have two

fied SBF-2, (b) modified SBF-15, (c) normal SBF-27 and (d) modified SBF-40.
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ig. 5. Polarisation resistance (Rp) estimated from the measured EIS impedance
pectra (Fig. 4) for Mg  immersed in the SBF solutions.

apacitive loops in the high and mediate frequency ranges and
n inductive loop at low frequencies. These impedance features
hange with immersion time and bicarbonate concentration; some
oops become insignificant or disappear.

An important result that can be directly obtained from an EIS
pectrum is polarisation resistance Rp, which measures the dis-
ance from the highest frequency point (in theory frequency → ∞)
o the lowest frequency point (theoretically frequency → 0) on
xis (Zr) of the real part of impedance. Fig. 5 summarises the
p values estimated from the measured EISs (Fig. 4). It is found
hat Rp first increases and then decreases with immersion time.
oth the maximum Rp value and the corresponding time increase
hile bicarbonate concentration is increasing from 2 mmol/L to

7 mmol/L, and then decrease when bicarbonate concentration fur-
her increases to 40 mmol/L.

The variation of EIS characteristics and the dependence of Rp

n bicarbonate concentration as shown Figs. 4 and 5 are in good
greement with the influences of bicarbonate on corrosion damage
orphology (Fig. 1) and polarization curve (Fig. 3), suggesting that

 complicated surface film mechanism might be involved in the
iodegradation process of pure Mg  in the SBF solutions.

. Discussion

.1. The biodegrading surface

It is well known that Mg  can be dissolved in an aqueous solution
hrough reactions [35]:

g  = Mg2+ + 2e− (1)

g2+ + 2H2O + 2e− = Mg(OH)2 + H2 (2)

The main corrosion product formed on a corroded Mg  sur-
ace is Mg(OH)2. Even in an atmospheric environment, the surface
lm also consists of Mg(OH)2 mixed with some MgO  [44,62,63].
herefore, Mg(OH)2 will be undoubtedly a major component of the
orrosion product film formed in an aqueous BSF solution. The XRD
see Fig. 2) in this study confirms this. The Mg(OH)2 peaks should

ainly come from corroded areas, where the corrosion product
ayer is relatively thick and detectable by XRD. However, due to the
ow sensitivity of XRD to element concentration, the presence of
ther elements in the corroded area cannot be excluded, but if any

heir amounts should be negligible compared with Mg(OH)2.

Elements P and Ca detected by XPS (Table 2) in this study is
n agreement with the results reported in literature [43] which
hows that significant amounts of P and Ca measured in the
cta 115 (2014) 56– 65

corrosion products after magnesium rods were implanted in guinea
pigs for a few weeks, and the P–Ca product was identified as calcium
phosphate [43]. In fact, SBF is a solution highly supersaturated with
respect to a Ca and P containing apatite [64]. Since Mg  can promote
the precipitation of calcium phosphate in an in-vitro environment
[65,66], the precipitation of Ca and P containing compounds on Mg
surface together with Mg(OH)2 is a very reasonable result in this
study.

The Mg(OH)2 containing film should have been formed on Mg
in SBF solutions before corrosion damage occurs. For example,
Xin et al. [61] clearly show an undamaged Mg  surface covered by
a corrosion product film after 24 h of immersion in a SBF. Thus,
the undamaged area in this paper does not mean no surface film
formed; it simply refers to a region where corrosion is not so severe
and thus invisible by naked eye. The XPS results (see Table 2) of the
undamaged area indicate that C, P and Ca are mixed in a Mg(OH)2
film. In fact, surface film containing C, P and Ca elements on a Mg-RE
alloy in a SBF has been reported [67]. Other researchers [68] have
also detected carbonates and phosphates on Mg  in SBFs. Yamomoto
and Hiromoto [69] found that the surface layers (mainly Mg(OH)2)
on pure Mg  in Earle and MEM  fluids also contain Mg,  O, Ca, P and
C, and their concentrations are even close to the element contents
measured in this study.

The composition of the corrosion product film or surface film
on Mg  in SBF may  be interpreted according to the solubilities
of Mg  and Ca compounds [70]. Mg3(PO4)2 is almost insoluble in
water (lower than 0.0034 mmol/L), and the solubility of Ca3(PO4)2
is as low as 0.0038 mmol/L. Precipitation of the supersaturated
Mg3(PO4)2 and Ca3(PO4)2 from the SBFs on Mg  after immersion
should be expectable. Hence, the measured element Ca on Mg
should correspond to Ca3(PO4)2, and the element P should come
from Mg3(PO4)2 and Ca3(PO4)2 (see Table 2). Moreover, the solu-
bilities of CaCO3 and Mg(OH)2 are 0.067 mmol/L and 0.12 mmol/L,
respectively, which are also relatively low compared with other
compounds. These two compounds can also reasonably precipi-
tate on Mg  if triggered by solution alkalization resulting from Mg
dissolution. The most unlikely deposited compounds are MgCO3
and Ca(OH)2, as they have a relatively high solubility (∼21 mmol/L).
Although chemical reactions have been proposed for precipitation
of MgCO3 a Mg  alloy in SBFs [61], this compound is actually not
often detected on Mg  under an immersion conditions. The other
ions, such as K+, Na+, Cl− and SO4

2−, are highly soluble and their
contributions to the surface film composition in theory should be
negligible.

The above explanation based on compound solubilities is only
applicable to an undamaged Mg  surface in the initial stage of
immersion. In the later stage on a corroded surface, the large quan-
tity of corrosion product Mg(OH)2 will overwhelm the signals of
relatively small amounts of Mg3(PO4)2, Ca3(PO4)2 and CaCO3 pre-
cipitates. Hence only Mg(OH)2 is detected by XRD (see Fig. 2).

According to the XRD (Fig. 2) and XPS (Table 2) results and
the compound solubility analysis, a conclusion can be drawn that
the corroded Mg  surface is mainly covered by Mg  corrosion prod-
uct Mg(OH)2, while on the undamaged area Mg(OH)2, Mg3(PO4)2,
Ca3(PO4)2 and CaCO3 are important components of the surface film.
Fig. 6(a) schematically illustrates the surface film on Mg  in a SBF.

4.2. Effect of bicarbonate

It has been reported [61] that the addition of bicarbonate can
reduce the biodegradation damage of Mg  in SBF when the bicar-
bonate concentration is not higher than 27 mmol/L. However, no

theoretical explanation has been proposed for this experimental
result. The current study confirms this inhibition effect of bicarbon-
ate (Figs. 1, 3 and 5). More interestingly, it shows that bicarbonate
in the SBF at a higher concentration, for example at 40 mmol/L,
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ig. 6. Surface film models for Mg  in normal and modified SBF solutions: (a) the co
he  simplified surface film model for reactions involved in the undamaged and corr

an actually activate Mg  surface. This is a new finding. The sur-
ace film model proposed above (Fig. 6) may  provide a basis for
nderstanding this complicated influence of bicarbonate on the Mg
iodegradation performance.

The influence of carbonate concentration on the polarization
ehaviour of Mg  (see Fig. 3) can be related to the variation of Mg
urface state in SBF. The “active” and “passivating” regions on the
olarization curves should correspond to corroded and undamaged
urface states, respectively, of Mg  in the SBFs. Chloride can attack

 metal, and the attack becomes more aggressive at a higher polar-
zation potential, leading to a sudden increase in anodic current
ensity if the potential exceeds a critical point. When the chloride
ttack occurs on Mg,  the breakdown of surface film in some local
reas should be responsible for the dramatically increased anodic
urrent densities [71].

In this study, the anodic current densities in the “active” region
uppressed by bicarbonate addition (Fig. 3) can be attributed to the
nhibition effect of bicarbonate on Mg.  It has been reported that
n a chloride containing solution, a small amount of NaHCO3 can
ffectively retard the dissolution of Mg,  because the added bicar-
onates can repel the chlorides adsorbed on Mg  surface [72]. This
l−/HCO3

− competition mechanism can also explain the inhibition
ffect of bicarbonate on the “active” behaviour of Mg  in SBF (see
ig. 3). The breakdown of surface film could initiate from a defect
oint where is most easily attacked by chlorides and also prefer-
ntially adsorbed by carbonates. The addition of more bicarbonate
ons will enhance the competitiveness of HCO3

− against Cl−, delay
he chloride attack, and thus suppress the “active” current densities.

It is more important to understand the effect of bicarbonate
n “passivating” behaviour of Mg  in the SBFs (see Fig. 3), as the

olarization behaviour around the open-circuit potential is closely
ssociated with the Mg  biodegradation performance. When bicar-
onate concentration has not exceeded 27 mmol/L, the increasing
passivating” tendency with bicarbonate concentration can be
ition model for the surface films formed in the undamaged and corroded areas, (b)
areas.

attributed to more CaCO3 precipitated and incorporated in the sur-
face film on Mg.  An increase in bicarbonate concentration should
facilitate the following reaction:

Ca2+ + HCO−
3 → CaCO3 ↓ +H+ (3)

This reaction is favoured at a high pH value. According to
Mg(OH)2 solubility (0.12 mmol/L) and solubility product constant
(5.61 × 10−12) [70], the pH value of a Mg(OH)2 saturated solution
should be ∼11.3, and a very small amount of Mg(OH)2 dissolved
will result in a solution saturated by Mg(OH)2 having a pH value
11. It has been measured that an acidic solution quickly becomes
basic and its pH value approaches 11 in a few minutes after Mg
alloys are immersed in the solution [73]. The solution alkalization
can result in more CaCO3 precipitated together with Mg3(PO4)2
and Ca3(PO4)2 to the Mg(OH)2 surface film on Mg,  which further
increases the film compactness, improves the polarization resis-
tance of Mg  in SBF, and supresses the anodic current densities in
the “passivating” range on the polarization curve (see Fig. 3).

However, if an overdose of HCO3
− is added, after all the Ca2+

cations in BSF deposit through reaction (3), the excess bicarbonates
cannot further facilitate CaCO3 deposition or increase the “passivat-
ing” tendency of Mg.  Instead, the additional bicarbonates may have
a detrimental effect on Mg  surface film. In this study, when the con-
tent of bicarbonate in SBF increases from 27 mmol/L to 40 mmol/L,
the anodic current densities in the “passivating” region become
higher (see Fig. 3). This “abnormal” behaviour may be caused by
ionization of the excess bicarbonates and dissolution of Mg(OH)2
by the released protons from the excess bicarbonates:

HCO3
− = CO3

2− + H+ pKa = 10.3 (4)
2H+ + Mg(OH)2 = Mg2+ + 2H2O (5)

The acidity point (pKa) of HCO3
− is 10.3 [70]. The establishment

of equilibrium reaction (4) tends to maintain the solution at pH
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Fig. 8. Surface film resistance (Rf ) estimated from the high frequency capacitive
loops of the measured EISs (Fig. 4) for Mg  in the SBF solutions.
Fig. 7. Equivalent circuit for Mg  in the SBF solutions.

alues around 10.3, which will retard the solution alkalization to
he Mg(OH)2 saturation pH value (pH ∼11.3). Consequently, the
ddition of an overdose of HCO3

− in SBF will facilitate the dissolu-
ion of Mg(OH)2 film through reaction (5), decrease the film thinner
or increase the film porosity), activate the Mg  surface and eventu-
lly increase the anodic current densities in the “passivating” region
Fig. 3).

It should be noted that the surface film model (Fig. 6(a)) simply
escribes the overall surface film composition. To gain a deeper

nsight into the microstructure and of the surface film its evolution
ith time on Mg  in SBF, a comprehensive EIS analysis is needed.

.3. Surface film evolution

To better understand the EIS results (Figs. 4 and 5), the surface
lm model (Fig. 6(a)) should be simplified. The corroded Mg  sur-

ace can be represented by a film-free area that contains various
efects, such as impurity particle, grain boundary, dislocation and
win. This area is preferentially attacked by chlorides and the cor-
osion damage spreads out from there with time. The surface film
n the undamaged area is actually porous. This is understandable,
ecause the surface films on Mg  alloys in chloride-containing solu-
ions are generally believed to be porous. The high anodic current
ensities in the “passivating” regions (Fig. 3) also suggest a porous
lm on Mg  in the SBFs. These micro-pores can be simplified into a
ole in the film on the undamaged Mg  surface. Therefore, a simpli-
ed model can be schematically illustrated as a surface film with

 hole and a film-free corroding surface area (see Fig. 6(b)). Such a
orous surface film should have an equivalent circuit as shown in
ig. 7, which will be further discussed later.

From AC electrochemical impedance spectra (EISs) (Fig. 4), the
stimated Rp results (Fig. 5) suggest that the biodegradation of mag-
esium in the SBF solutions slows down in the first a few hours and
hen speeds up again. This behaviour can be ascribed to the evolu-
ion of the Mg  surface film in composition and microstructure with
mmersion time. The Rp estimated from an EIS spectrum actually
epresents an overall corrosion resistance. It is determined by the
omposition and microstructure of the surface film, and can nor-
ally be characterized by a few electrochemical parameters. These

haracteristic parameters can be obtained through curve-fitting of
he capacitive semicircles in the high and mediate frequency ranges
f a measured EIS spectrum.

It has been reported [63] that the capacitive loop at high fre-
uencies is a direct response of the surface film on Mg  to AC
otential stimulation; the relatively low frequency capacitive loop

s related to an electrochemical reaction of Mg  in a film-free area
corroding area); the inductive loop represents an auto-catalytic
amage process of the surface film. As an auto-catalytic reaction
annot be a stable process, the corresponding inductive data points
t low frequencies are scattered and difficult to compare for Mg

n different SBFs. To simplify the theoretical analysis, the low fre-
uency inductive points are ignored in EIS curve-fitting in this
tudy. This will not significantly affect the extraction of other more
seful parameters from the EIS spectra.
Fig. 9. Film capacitance (Cf ) estimated from the high frequency capacitive loops of
the measured EISs (Fig. 4) for Mg in the SBF solutions.

To extract the electrochemical parameters, an equivalent circuit
as shown in Fig. 7 is adopted. This is a typical equivalent circuit
modelling a porous film on an electrode and has been success-
fully used for Mg  surface films [74] and recently in characterizing
the degradation behaviour of Mg  in SBFs with different concentra-
tions of HCO3

− [61]. In this equivalent circuit, Rs represents the
SBF solution resistance between Mg  and reference electrode; Rf is
the resistance of surface film on Mg,  which in theory is a charge
transfer resistance, and its value depends on the compactness or
porosity of the film and can also be affected by conductivity of the
solution in film pores; Cf stands for the capacitance of the surface
film, which is determined by the film thickness and porosity (or
roughness); Rr denotes the electrochemical reaction resistance of
Mg with water in film pores, which can be retarded by precipitates
at the pore bottom; Ca symbolizes a pseudos capacitance resulting
from the response of the Mg  electrochemical process to AC potential
perturbation in the film pores.

The values of the film resistance (Rf), film capacitance (Cf), and
electrochemical reaction resistance (Rr) of Mg  in film pores esti-
mated from the measured EISs (Fig. 4) through curve-fitting using
the equivalent circuit (Fig. 7) are plotted in Figs. 8–10, respectively.
As Ca has very scattered points and its physical meaning is not as
clear as the other parameters, it is not presented and discussed in
this paper. Figs. 8 and 10 show that Rf and Rr increase first and
then decrease with time, and share a similar evolution trend with
Rp (Fig. 5), having a maximum during immersion. The maximum
Rf, Rr and Rp phenomena could result from a combination of the
improving overall surface film stability and the increasing pitting

susceptibility of Mg  with immersion time.

Before immersion, the initial Mg  surface film formed in air
mainly consists of Mg(OH)2 mixed with some MgO  [62] and does
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ig. 10. Electrochemical reaction resistance (Rr ) of Mg  in film pores estimated from
he  low frequency capacitive loops of the measured EISs (Fig. 4) for Mg  in the SBF
olutions.

ot have a significantly corroded area. After immersion starts,
ecause of the reactions of Mg  and MgO  with water, the pH value
f BSF gradually increases and MgO  is converted to Mg(OH)2. In the
ncreasingly alkalized SBF, Mg3(PO4)2, Ca3(PO4)2 and CaCO3 start
o precipitate and are gradually incorporated into the surface film.
hus, the surface film becomes more stable with time. The pre-
ipitation of Mg3(PO4)2 should be more likely to occur in the film
ores, where Mg2+ concentration is higher, while Ca3(PO4)2 and
aCO3 should be mainly distributed outside film pores or over the
ore “mouths” where there are sufficient Ca2+ cations. Although
he migration of Ca2+ cations into film pores could be slower than
l−, HCO3

− and HPO4
− anions, a small amount of Ca2+ may  still

iffuse into film pores and precipitate in a small amount at the
ore bottom after reaction with carbonate and phosphate anions
here. As a result, the precipitation of Ca3(PO4)2 and CaCO3 in large
mounts around the pore “mouths” will narrow the pores and even
lose the pore “mouths”; the precipitation of some Mg3(PO4)2 and

 very limited amount of CaCO3 in the film pores at their bottoms
ill retard the electrochemical reaction of Mg.  Therefore, accord-

ng to the surface film model (Fig. 6), both Rf and Rr increase with
mmersion time (Figs. 8 and 10).

It should be noted that the chloride in SBFs is always a corrosive
pecies that can attack Mg  particularly at its defect points. In the
arly stage of immersion, due to relatively large amounts of HCO3

−

nd HPO4
− present in SBF acting as inhibitors protecting Mg,  no

ignificant localized corrosion damage occurs. However, after a cer-
ain period of immersion time, the HCO3

− and HPO4
− anions in SBF

hould have been consumed by deposition, there will be no suffi-
ient HCO3

− and HPO4
− anions in SBF to repel Cl− ions from Mg

urface. For example, Song [44] demonstrated that the consump-
ion of phosphate in a SBF solution led to an increased dissolution
ate of Mg.  Hence, the consumption of inhibitive HCO3

− and HPO4
−

nions through precipitation reactions in the later stage of immer-
ion makes Mg  more susceptible to corrosion attack especially at
efect points. In this case, corrosion will initiate at a defect point, for
xample in a relatively large film pore where the substrate Mg  hap-
ens to have an impurity inclusion or crystallographic defect (such
s grain boundary, twin, or dislocation), and then spread out with
ime from that defect area. In the corroded area, due to the rapid
issolution of Mg,  a thick loose Mg(OH)2 layer may  be deposited
here. This loose corrosion product cannot effectively protect the
ubstrate Mg.  Thus, the overall film resistance and the Mg  elec-
rochemical reaction resistance in this area will be extremely low.

ccording to the surface film model (Fig. 6(b)) and equivalent cir-
uit (Fig. 7), Rf and Rr will become smaller with time (Figs. 8 and 10).

Either the reduction of film porosity in the undamaged area
r the formation of a thick loose Mg(OH)2 corrosion product
cta 115 (2014) 56– 65 63

layer in the corroded area can lead to a decrease in film capaci-
tance. Thereby, Cf decreases with immersion time (Fig. 9). These
Cf results also further support the proposed surface film model
(Fig. 6).

With the surface film model (Fig. 6), the influences of bicar-
bonate concentration on Rf and Rr (Figs. 8 and 10) can also be
understood. At the beginning of immersion, before a significant
amount of CaCO3 starts to precipitate, an increase in bicarbonate
concentration in SBF will result in more bicarbonates getting into
the film pores, which increases the solution conductivity in the film
pores. Consequently, Rf decreases with increasing concentration of
bicarbonate when Mg  is first immersed in SBF (Fig. 8). With immer-
sion time, due to Mg  dissolution and solution alkalization, more
bicarbonate ions added in SBF can cause more CaCO3 precipitated
(reaction (3)) on Mg  to close the film pore “mouths”. Thereby, Rf
increases to a higher value until local damage of the film caused by
chlorides. This explains the maximum Rf value increases as more
bicarbonate ions are added into SBF (Fig. 8).

The addition of bicarbonate anions cannot immediately influ-
ence the Mg  electrochemical reaction at the bottom of a film pore.
That is why  Rr does not vary significantly with bicarbonate con-
centration at the beginning of immersion (Fig. 10). However, as
immersion continues and solution alkalizes, addition of more bicar-
bonate anions can lead to more CaCO3 precipitated at the bottoms
of film pores, which can effectively stop or at least slow down the
electrochemical reaction of Mg  from the pore bottoms. Hence, Rr

increases with increasing bicarbonate concentration. However, the
precipitation of CaCO3 in film pores is limited by the amount of Ca2+.
When a too large amount of HCO3

− is added in SBF, while there are
not enough Ca2+ ions in the film pores to react with HCO3

− to form
CaCO3 precipitation, the excess HCO3

− ions could actually retard
the alkalization of the pore solution, because the acidity point pKa
of bicarbonate is lower than the pH value of a Mg(OH)2 saturated
solution [70]. This acidifying effect of the excess bicarbonates is
beneficial to the electrochemical reaction of Mg  at the pore bot-
toms. Therefore, if the bicarbonate concentration is too high in SBF,
Rr decreases. This should be the case for Mg  in SBF when the con-
centration of bicarbonate increases from 27 mmol/L to 40 mmol/L
(Fig. 10).

Due to the scattered data points, Fig. 9 does not show a clear
increase in Cf with bicarbonate concentration in the later stage
of immersion. However, the relatively lower Cf value at 2 mmol/L
than those at higher concentrations in the initial stage of immer-
sion suggests that the increasing bicarbonate concentration may
facilitate the dissolution of the Mg(OH)2 surface film, leading to an
increased Cf before significant alkalization of solution occurs. This
Cf behaviour is also consistent with the initial Rf results (Fig. 8).

The dependence of Rp (Fig. 5) on bicarbonate concentration sim-
ilar to that of Rr (Fig. 10) implies that Rr has a bigger contribution
than Rf to Rp. This can also be supported by the much larger values
of Rr (Fig. 10) than Rf (Fig. 8). It means that the surface film formed
on Mg  in SBF is very porous and cannot offer sufficient protection
for Mg.

The phenomenon that Rr and Rp first increase and then decrease
with immersion time has not been reported before. Under sim-
ilar conditions, Xin et al. [61] only found that the impedance of
Mg in their SBFs continuously increased with immersion time. A
possible factor responsible for the different EIS results is probably
the low Cl− concentration in their SBFs; This makes their SBFs not
aggressive enough to initiate the localized corrosion on Mg  in 1-
day immersion test, and therefore the maximum Rr and Rp were
postponed and missed by their EIS measurements. This will be

verified in a more comprehensive investigation on interaction of
inorganic ions (including Cl−) in SBF. The effects of all those ions on
Mg biodegradation behaviour will be reported in a separated paper
soon.
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. Conclusions

) The biodegradation of Mg  in the SBF solutions is a rapid non-
uniform process. This signifies that a limited amount of Mg
dissolved may  lead to severe damage in a local area and result
in a premature failure of a Mg  implant component.

) The biodegradation rate of Mg  in the SBF solutions decreases in
the first few hours and then increases with time. This interesting
process has not been reported before. The complicated in-vitro
biodegradation behaviour of Mg  suggests that the biodegrada-
tion of Mg  may  not always slow down with time; the process
may  be accelerated some time.

) The minimum biodegradation rate of Mg  during immersion
probably results from a combination of the improvement of
overall surface film stability by precipitated calcium, carbonate
and phosphate compounds and the development of localized
corrosion damage of Mg  by chlorides.

) Another new finding is that a small amount of bicarbonate in SBF
improves the corrosion resistance of the surface film on Mg,  but
the biodegradation performance of Mg  deteriorates when SBF
contains a too high concentration of bicarbonate. Precipitation
of CaCO3 and ionization of HCO3

− at low and high bicarbon-
ate concentrations respectively should be responsible for this
interesting effect of bicarbonate on Mg  biodegradation in SBF.

) Since a few hour immersion in a SBF solution can improve Mg
corrosion resistance, to avoid the early-stage rapid dissolution
of Mg  after implantation, in future we can consider soaking a
Mg  implant in a SBF to form a stable surface film before surgery.
This should significantly reduce Mg  initial activity, simplify its
corrosion process, and make the biodegradation behaviour of an
implanted Mg  predictable in practice.
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