JMEPEG (2017) 26:653—-666
DOI: 10.1007/s11665-016-2499-0

©ASM International
1059-9495/$19.00

Microstructure, In Vitro Corrosion Behavior
and Cytotoxicity of Biodegradable Mg-Ca-Zn
and Mg-Ca-Zn-Bi Alloys
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The effects of bismuth (Bi) addition on the microstructure and corrosion behavior of the Mg-Ca-Zn-Bi
alloys were evaluated using electron microscopy, electrochemical test and electrochemical impedance
spectroscopy. Microstructural observations showed that Mg-1.2Ca-1Zn-xBi (x = 0.5, 1.5, 3 wt.%) are
composed of Mg,Ca, Ca,MgsZn; and Mg;Bi, phases while a new phase Mg,Bi,Ca appeared after the
addition of 5 and 12 wt.% Bi to the Mg-1.2Ca-1Zn alloy. Furthermore, the additions of 0.5 wt.% Bi to the
Mg-1.2Ca-1Zn alloy slightly improved the corrosion behavior of the alloy, while further increase in Bi
amount from 1.5 to 12 wt.% has a deleterious effect on the corrosion behavior of the ternary Mg-1.2Ca-1Zn
alloy which is driven by galvanic coupling effect. Cytotoxicity tests indicate that the Mg-1.2Ca-1Zn presents
higher cell viability compared to Mg-1.2Ca-1Zn-0.5Bi alloy. In addition, the cell viability of both alloys
increased with increasing incubation time while diluting the extracts to 50% and 10% improved the cell
viabilities. The present results suggest that the Mg-1.2Ca-1Zn-0.5Bi can be interesting candidate for the
development of degradable biomaterials and it is worthwhile for further investigation in an in vivo envi-
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1. Introduction

The development of biomedical science field including
tissue-implant interaction, tissue engineering and biomedical
implant materials has given rise to the new concept of
biodegradable biomaterials (Ref 1, 2). Unlike the conventional
inert biomaterials, this kind of biomaterials is expected to
promote beneficial interactions with the implant sites.
Biodegradable materials are one of the best biomaterials within
these bioactive biomaterials categories. These materials help
the healing process of the damaged tissue during its gradual
degradation. Eventually, they will fully degrade when the
healing process is completed. Hence, unlike the other type of
implants, no secondary removal procedure is necessary (Ref 3-
6). Magnesium (Mg) as biodegradable material possesses high
biocompatibility, biodegradability and non-toxicity providing a
great potential for implant applications (Ref 7-9). Besides, Mg
is the cofactor for many enzymes as well as it stabilized the
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structures of DNA and RNA (Ref 7). A normal person’s diet
contains about 300 mg of magnesium per day (Ref 7, 10).
Without sufficient Mg?* in the body, muscular paralysis,
hypotension, respiratory distress and cardiac arrest may occur
(Ref 11). In addition, Mg shows good mechanical properties
where its compressive yield strength and fracture toughness are
closer to bone than other biomaterials including other metals,
polymers and ceramic (Ref 10, 12, 13). However, the use of
magnesium is hindered by its poor corrosion resistance which
causes the mechanical properties of the implant to significantly
decrease resulting in the inability of tissue to heal (Ref 5, 10,
12). Furthermore, Mg corrosion process involves evolution of
hydrogen gas which accumulates in vivo adjacent to the
implant. The H, gas and subsequent formation of hydrogen
bubbles can noticeably impair other clinical applications of Mg
(Ref 2, 5, 14). To address this problem, several researches have
been conducted based on the alloying of Mg to improve its
corrosion resistance (Ref 14, 15). However, due to the use of
hazardous alloying elements, such as aluminum (Ref 10, 14),
lithium or zirconium (Ref 13) alloys containing these elements
are not suitable implant materials (Ref 16). Among the Mg
alloy systems, Mg-Ca and Mg-Zn have shown a good
combination of mechanical properties and corrosion behavior
suitable for biomedical applications (Ref 7, 8, 17, 18). Calcium
(Ca) is one of the most favorable alloying elements for Mg-
based alloy. It is one of the most abundant minerals in human
bones (Ref 19), and it is necessary for growth of human bones.
It is also a necessary element in chemical signaling with cells
(Ref 13). The Mg-Ca basically consists of two phases; a-Mg
and Mg,Ca. An intermetallic phase such as Mg,Ca refines the
microstructure of Mg and strengthens the alloy. However,
addition of Ca higher than the solubility limited leads to the
increase in corrosion rate due to the occurrence of galvanic
corrosion between a-Mg and Mg,Ca (Ref 18, 20, 21). It will
also weaken the mechanical properties of Mg-Ca as the result
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of the formation of coarser Mg,Ca phase along the grain
boundaries (Ref 13). Similar to calcium, zinc (Zn) is a
nutritionally essential element in the human body. Zn is also
a necessary component for over 200 various enzymes in the
human body (Ref 22). Gu et al. (Ref 7) reported that the daily
recommended intake of Zn is about 15 mg. The excess amount
of Zn is usually excreted through urine. Zn also helps to
increase age-hardening effect, grain refining and improves the
castability (Ref 12, 14). Cai et al. (Ref 23) showed that
formation of low amount of Mg-Zn decreases the corrosion
rate, while the existence of high amount of Mg-Zn in a network
structure can enhance microgalvanic corrosion. Addition of
another low-cost element, bismuth (Bi), having less toxicity
than other periodic table neighbors such as antimony to Mg-
based alloys leads to increase the mechanical properties (Ref 3,
24). Absorbed Bi is excreted primarily through the urine, and
its biological half-time for whole-body retention is about
5 days (Ref 3). It is not bio-accumulative, and purified Bi is
used in antimicrobial and anticancer fields (Ref 3). The addition
of Bi also shows significant influence on the corrosion behavior
of Mg alloy due to the formation of the Mg;Bi, (Ref 3).
Bismuth compounds such as bismuth oxide, hydroxide, oxy-
chloride, trichloride and nitrate do not indicate poisoning effect;
therefore, they are used in the cosmetics and pharmaceuticals
industry (Ref 25). Limited studies have been carried out on the
in vitro biocompatibility and corrosion behavior of the Mg-Zn-
Ca-Bi quaternary alloys with different amount of Bi. Wang
et al. (Ref 26) showed that the addition of small amount of Bi to
AZS80 magnesium alloy increases tensile strength and elonga-
tion, while further addition reversed the effect. However, there
is a lack of information concerning the influence of Bi content
on the microstructure, cytotoxicity and corrosion resistance of
Mg-Ca-Zn and Mg-Ca-Zn-xBi (x = 0.5, 1.5, 3, 5, 12 wt.%)
quaternary alloys. Therefore, in the present study, the
microstructure, corrosion behavior and cytotoxicity of the
ternary and quaternary alloys were investigated.

2. Experimental

Magnesium alloys were prepared by melting 99.9% pure
magnesium ingots, pure zinc chips (99.9%), pure bismuth
(99.99% Bi) and Mg-32%Ca master alloy. The materials were
melted by electrical resistance furnace under an argon gas
atmosphere in a mild steel crucible at 760 °C. The molten metal
was maintained for around 45 min at the melting condition for
stabilization. After stabilizing, molten metal with different Bi
(0.5, 1.5, 3, 5, 12 wt.%) contents and a constant content of
1.2 wt.% Ca and 1 wt.% Zn were poured into mild steel molds
which had been preheated at 400 °C accompanied with 30-s
stirring process. The chemical compositions of the ternary Mg-
1.2Ca-1Zn and quaternary Mg-1.2Ca-1Zn-xBi alloys obtained
by ICP-AES are listed are listed in Table 1. Specimens of
15 mm x 10 mm x 10 mm were cut from the achieved alloys
ingots, and the samples were then mechanically wet ground
with 320 to 4000 SiC grit papers. Microstructure observation
was performed using an optical microscope (Olympus
BX60F5), and a scanning electron microscope (JEOL JSM-
6380LA) equipped with energy-dispersive x-ray spectroscopy
(EDS) analysis. An average grain size of specimens was
determined from three micrographs using linear intercept
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method according to ASTM standard E112-G6. X-ray diffrac-
tometry (Siemens-D500) was used for identifying the phases
present in the specimens using Cu Ko line generated at 40 kV
and 35 mA. The immersion test procedure was carried out
based on the ASTM standard G31-72. The specimens were then
immersed in a beaker containing 200 ml of Kokubo simulated
body fluid (SBF). The Kokubo SBF was prepared according to
the previously reported method (Ref 27). The SBF was not
replenished during the testing period. The average pH value of
the SBF from three measurements was recorded during the
soaking experiment after every 24-h interval. The immersion
tests were repeated at least once to check the reproducibility of
the results. Corroded surfaces were analyzed using scanning
electron microscopy and EDS following immersion testing. The
hydrogen evolution rate of the specimens was also measured
during the 240-h immersion period in Kokubo solution. A
sample was immersed in a beaker, while a funnel was located
over the samples to collect evolved hydrogen in a burette above
the funnel. The hydrogen evolution rate was calculated in ml/
cm?*/day before renewing the solution, and the volume of the
evolved hydrogen was measured with a graduated burette. For
electrochemical tests, rectangular specimens with a surface area
of 1 cm? were mounted in epoxy resin. The test was conducted
at 37 °C in an open air glass cell containing 350 ml Kokubo
simulated body fluid (SBF) solution with a pH of 7.44, using
PARSTAT 2263 potentiostat/galvanostat (Princeton Applied
Research). A three-electrode cell was used for potentiodynamic
polarization tests. Saturated calomel electrode (SCE) was used
as a reference electrode. The counter electrode was made of
graphite rod, and the specimen was the working electrode. The
samples were immersed in the SBF for 1 h prior to the
electrochemical test to establish the open-circuit potential. All
experiments were carried out at a constant scan rate of
0.167 mV/s and initiated at —250 mV below the open-circuit
potential. The electrochemical impedance spectra (EIS) were
measured over a frequency range of 1 Hz to 100 kHz, and the
data were analyzed using the ZSimpWin software. EIS test was
also performed using VersaSTAT 3 machine. Each electro-
chemical test was duplicated to examine the reproducibility of
the results.

Murine calvarial preosteoblasts (MC3T3-E1) were used to
evaluate the cytotoxicity of the Mg-1.2Ca-1Zn and Mg-1.2Ca-
1Zn-0.5Bi alloys according to the ISO 10993-5 standard (Ref
28). The 0.5 wt.% Bi alloy was selected for this study because
it showed the lowest degradation rate in SBF. Cells were culture
in Dulbecco’s modified Eagle’s medium (DMEM) with 10%
fetal bovine serum (FBS), 100 U/mL penicillin and 100 pg/mL
streptomycin at 37 °C in a humidified atmosphere of 5% CO,.
The ratio of surface area of alloy samples to the extraction
medium was 1 em?”mL. The extract was then withdrawn,
centrifuged and serially diluted (100, 50 and 10%) for the
cytotoxicity test or, alternatively, refrigerated at 4 °C before the
cytotoxicity test. The control groups involved the use of
DMEM medium as negative control. Following the incubation
of the cells in a humidified 5% CO, atmosphere at 37 °C for 2,
4 and 7 days, the extracts were removed. Cells were incubated
in 96-well culture plates at 1 x 10* cells/mL medium in each
well and then cultured in DMEM with 10% FBS. Then the
extracts were replaced by media, 10 pL 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) was added to
each well for 4 h, and 100 pL formazan solubilization solution
(10% SDS in 0.01 M HCI) was added in each well overnight in
the incubator. The spectrophotometrical absorbance of both
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Table 1 Chemical composition of the Mg-1.2Ca-1Zn -xBi alloys

Actual chemical compositions, wt.%

Alloy Fe Ca Zn Bi Cu Ni Mg
Mg-1.2Ca-1Zn 0.009 1.22 1.09 0.04 0.003 0.003 Bal.
Mg-1.2Ca-1Zn-0.5Bi 0.007 1.20 1.02 0.57 0.002 0.002 Bal.
Mg-1.2Ca-1Zn-1.5Bi 0.011 1.21 1.07 1.54 0.004 0.004 Bal.
Mg-1.2Ca-1Zn-3Bi 0.008 1.24 1.12 3.21 0.003 0.002 Bal.
Mg-1.2Ca-1Zn-5Bi 0.009 1.17 1.01 5.11 0.001 0.001 Bal.
Mg-1.2Ca-1Zn-12Bi 0.010 1.24 1.08 12.21 0.003 0.003 Bal.

Fig. 1 Optical microscopic image of specimens (a) Mg-1.2Ca-1Zn and Mg-1.2Ca-1Zn-Bi alloys with various Bi content: (b) 0.5, (c) 1.5, (d) 3,

(e) 5 and (f) 12 wt.%

alloys was measured at 570 nm by an automated microplate
reader (Tecan Safire2).

3. Results and Discussion

3.1 Microstructure Gharacterization

The optical micrographs of the Mg-1.2Ca-1Zn and Mg-
1.2Ca-1Zn-xBi alloys (x =0.5, 1.5, 3, 5 and 12 wt.%) are
shown in Fig. 1. Figure 1(a) shows the Mg-1.2Ca-1Zn alloy
with relatively large grain size which consisted of o-Mg matrix
and traces of secondary intermetallic phases (dark area).
Addition of 0.5 wt.% Bi slightly refined the grain size
(Fig. 1b). Addition of Bi content up to 12 wt.% led to further
grain refinement. The grain size for Mg-1.2Ca-1Zn alloy is
133 pum and decreases to 128 and 118 um for Mg-1.2Ca-1Zn-
0.5Bi and Mg-1.2Ca-1Zn-1.5Bi alloys, respectively (Fig. 1b,
¢). Further addition of Bi to 3 and 5 wt.% reduced the grain
sizes from 118 to 93 um and 87 um, respectively (Fig. 1d, e).
The smallest grain size was observed in Mg-1.2Ca-1Zn-12Bi
alloy with 81 pm (Fig. 1f). Therefore, the growth restricted
factor can be used to quantify the role of solute atoms in
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controlling the grain size. This has a direct relation with the
slope of the binary liquids. Mg-Bi system has a liquidus line
with higher gradient, m = —1.67 K/wt.%, than Mg-Ca system
(m = —6.53 K/wt.%) and Mg-Zn (m = —4.17 K/wt.%) which
indicates a higher ability for Bi to reduce the grain size of Mg
alloy. Consequently, the Bi element increased the grain growth
restriction when added to the Mg-1.2Ca-1Zn-xBi alloy. This
result explains the grain size reduction with increasing Bi
content.

Figure 2 shows SEM micrographs of the Mg-1.2Ca-1Zn and
Mg-1.2Ca-1Zn-xBi alloys with different Bi content. Figure 2(a)
and (b) shows that the ternary Mg-1.2Ca-1Zn consists of a-Mg,
Mg,Ca and Ca,MgeZn;. The eutectic phases (o-
Mg + Mg,Ca + Ca,MgeZnz) with lamellar structure formed
within the grain boundaries. The EDS analysis further con-
firmed that the dark area is Mg,Ca, and it is surrounded by the
light area (Ca,MgeZn;). The addition of Bi up to 3 wt.% in
Mg-1.2Ca-1Zn leads to the precipitation of Mg;Bi, intermetal-
lic phases (light particles) within the grains in addition to a-Mg,
Mg,Ca and Ca,MgeZn; phases as can be seen in Fig. 2(e) and
(f). It can be seen that most of Mg;Bi, are formed around
eutectic phases. The presence of these phases will be further
confirmed by XRD analyses. The amounts of the Mg;Bi,
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0.85+0.02
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458.6 18
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Mg-1.2Ca-1Zn-1.5Bi
Mg-1.2Ca-1Zn-3Bi

178.7+10
122.8+9

396.2+19

361.2+10

2493+ 17

423.0+ 11

Mg-1.2Ca-1Zn-5Bi

135.7+£12 112.8£12

438.0+ 11

Mg-1.2Ca-1Zn-12Bi

intermetallic phase increased with increasing of Bi content up
to 3 wt.% in the alloys as shown in Fig. 2(g) and (h). High
amounts of Bi were found within the grain boundaries of Mg-
1.2Ca-1Zn-3Bi, Mg-1.2Ca-1Zn-5Bi and Mg-1.2Ca-1Zn-12Bi
alloys which indicates the existent of another intermetallic
compound, Mg,BiCa. In this case, the lamellar eutectic
structure is composed of o-Mg, Ca,Mg¢Zn; and Mg;Bi,
phases. Precipitate of Mg,Bi,Ca phases formed along and
within the grain boundaries. Mg,Bi,Ca forms have a needle-
like morphology which is distributed both within grains and
along the grains boundaries. EDS analysis of area 6 shown in
Fig. 2(1) further confirmed that these needle-shaped phases
have an approximate composition of Mg-3Ca-1Zn-83Bi
(Wt.%).

Figure 3 shows the elemental mapping of the Mg-1.2Ca-
1Zn and Mg-1.2Ca-1Zn-xBi alloy samples. The Mg-1.2Ca-1Zn
sample was mostly composed of Ca and Zn in the lamellar
structure which is surrounded by Mg (Fig. 3a). Elemental
mapping of the Mg-1.2Ca-1Zn-0.5Bi and Mg-1.2Ca-1Zn-1.5Bi
samples shows similar pattern as Mg-1.2Ca-1Zn with Bi
element that distributed uniformly throughout the structure
(Fig. 3b, ¢). The Bi and Ca contents concentrated within grains
and along grains boundaries with further addition of Bi up to
12 wt.% (Fig. 3e, f) with needle-like structure heterogeneously
distributed within the grain boundaries.

The XRD result of ternary Mg-1.2Ca-1Zn alloy shows the
peaks of Mg, Mg,Ca and Ca,Mg¢Zn; phases (Fig. 4). Mg,Ca
has similar crystal structure as Mg which is hexagonal close
packed (HCP) but with twice the Ilattice parameters
a=0.623 nm and ¢=1.012 nm (Ref 29). The Ca,MgqZn;
phase has hexagonal crystal structure with the lattice param-
eters a = 50.97 nm, ¢ = 51.00 nm (Ref 30). By addition of 0.5-
3 wt.% of Bi, the Mg;Bi, phase shows relatively low intensity.
With increase in Bi content in the specimens, the diffraction
intensities of Mg;Bi, phases also increase. Mg;Bi, phase also
has hexagonal crystal structure with lattice constants of
a=0466 nm and ¢=0.733 nm (Ref 3). By adding 5-
12 wt.% of Bi, the peaks of Mg,Bi,Ca phase reflection were
observed in addition to these of Mg;Bi, and a-Mg.

3.2 Electrochemical Measurements

The results of the electrochemical test in Kokubo solution
for Mg-1.2Ca-1Zn and Mg-1.2Ca-1Zn-xBi alloys are illus-
trated in Fig. 5. The Mg-1.2Ca-1Zn has more negative
potential than Mg-1.2Ca-1Zn-0.5Bi alloy indicating that Bi
has positive effect on the corrosion resistant of the alloys. The
corrosion potential of Mg-1.2Ca-1Zn was —1.6040 Vgcg, and
it shifted to more noble direction —1.576 Vgcg after the
addition of 0.5 wt.% Bi into the alloy. The corrosion current
density of Mg-1.2Ca-1Zn-0.5Bi alloy was 135.0 pA/cm?,
which is lower than Mg-1.2Ca-1Zn alloy (298.4 pA/cm?).
This result shows that the secondary phase has a significant
influence on the corrosion behavior of the alloy. Table 2
exhibits the electrochemical parameter of specimens obtained
from the polarization curves. The corrosion potential shift to
—1.646 Vgcg and the increase in corrosion current density to
220.7 pA/cm? have been observed after addition of 1.5 wt.%
Bi in the ternary Mg-1.2Ca-1Zn alloy. Similar trend has been
observed after the addition of 3, 5 and 12 wt.% Bi, as the
corrosion potential become more cathodic to —1.681, —1.720
and —1.778 Vgcg, respectively. Also, corrosion current density
increased to 361.2, 423.0 and 438.0 pA/cm?, respectively. The
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Fig. 2 SEM micrographs and corresponding EDX analysis of (a,b) Mg-1.2Ca-1Zn and Mg-1.2Ca-1Zn-Bi alloys with various Bi content: (c,d)
0.5, (e,f) 1.5, (g,h) 3, (i,j) 5 and (k,]) 12 wt.%
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Fig. 3 Scanning electron micrographs and element mapping of (a) Mg-1.2Ca-1Zn and Mg-1.2Ca-1Zn-Bi alloys with various Bi content: (b)

0.5, (¢) 1.5, (d) 3, (e) 5 and (f) 12 wt.%

result shows that Mg-1.2Ca-1Zn-0.5Bi alloy has lower corro-
sion resistance than other quaternary alloys having higher
amount of Bi. It can be observed that the hydrogen evolution
(cathodic polarization) in the Mg-1.2Ca-1Zn-0.5Bi was signif-
icantly higher than that of the Mg-1.2Ca-1Zn indicating that
the corrosion potential (E,,,) was more negative in the alloy
with small amount of Bi. The occurance of more galvanic
corrosion between o-Mg and precipitated secondary phase has
caused the reduction of corrosion resistance of the alloy (Ref
31, 32). The secondary phase acts as microcathodes which
accelerate the corrosion of the quaternary Mg alloys when Bi
content increased (Ref 18, 21). The presence of Mg,Bi,Ca
phase and Mg;Bi, in the alloy with high amount of Bi causes
the occurrence of more galvanic potential between a-Mg (as
anode) and Mg;Bi, as cathode which results in decline of
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corrosion resistance. Table 2 shows the corrosion potential
(Eor» Vscg), current density (i) and corrosion rate (P;) of
specimens obtained from the polarization curves. The corro-
sion rate P; was calculated through the corrosion current
density i, using Eq 1 (Ref 18, 33).

P; = 22.85icon (Eq 1)

The corrosion rate of the Mg-1.2Ca-1Zn was 3.75 mm/yr
which are higher than that of Mg-1.2Ca-1Zn-0.5Bi alloy
(3.08 mm/yr). However, the corrosion rate increased when the
Bi content increased from 3 wt.% (5.04 mm/year) to 12 wt.%
(10.01 mm/year). Moreover, the polarization resistance (R,)
was calculated from the electrochemical parameters (.o Pa
and f3.), according to Eq 2 (Ref 18).

Journal of Materials Engineering and Performance
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The corrosion resistance of the Mg-1.2Ca-1Zn alloy
improved as Rp values increased with the addition of
0.5 wt.% of Bi. However, further addition of Bi up to
12 wt.% has negative effect to the corrosion behavior of the
alloy. The addition of 0.5 wt.% of Bi to Mg-1.2Ca-1Zn alloy
increases the Rp from 2.64 to 3.47 kQ cm?. Further addition of
Bi up to 12 wt.% significantly decreases the Rp from 3.47 to
0.61 kQ cm?. Therefore, the corrosion resistance of Mg-1.2Ca-
1Zn-xBi improved with decreasing Bi content from 12 to
0.5 wt.%, and Mg-1.2Ca-1Zn-0.5Bi has better corrosion resis-
tance than Mg-1.2Ca-1Zn alloy. It was due to the amount of Bi
that dissolved in o-Mg matrix and precipitates formed as
secondary Mg,Bi,Ca phase. The concentration of Bi dissolved
in 0-Mg matrix increases with the increased of Bi content in the
alloys, and the excess Bi precipitates as secondary Mg,Bi,Ca
phase. The higher Bi concentration in o-Mg, the Mg alloys
exhibits better corrosion resistance. However, in the case of
precipitation of Mg,BiCa phase, the corrosion resistance
decreases due to the occurrence of galvanic corrosion between
o-Mg and secondary phase. Consequently, the solid solution of

Rp (Eq 2)
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Bi in a-Mg matrix can improve the corrosion resistance, while
the precipitation of the secondary Mg,Bi,Ca phases reduces the
corrosion resistance of the alloys.

Figure 6 shows SEM micrographs of the corroded surfaces
of Mg-1.2Ca-1Zn and Mg-1.2Ca-1Zn-xBi alloys after electro-
chemical tests. Considerable areas of corrosion (dark area) were
detected on the surface of Mg-1.2Ca-1Zn alloy (Fig. 6a). The
addition of 0.5 wt.% is found to reduce the corroded area
significantly (Fig. 6b). It is in good agreement with the result of
electrochemical corrosion test. However, further addition of Bi
content up to 12% increased the corroded area. The corroded
area has fully covered the surface of specimen when the Bi
content exceeds 12 wt.% and many pits are observed on the
surface of the quaternary Mg-1.2Ca-1Zn-12Bi alloy (Fig. 6f).
There were some sites left uncorroded (around grain boundary)
due to the microgalvanic corrosion between the secondary
intermetallic phases with the o-Mg phase where the a-Mg
phase always acts as cathode. Those areas were in favor of
localized corrosion attack. The surface of Mg-1.2Ca-1Zn-0.5Bi
alloy was quite uniform and only composes of small area of
corrosion. It further proved that it has more resistance to protect
the alloy from the penetration of the solution compared to other
specimens. Electrochemical impedance spectra (EIS) measure-
ments for the Mg-1.2Ca-1Zn and Mg-1.2Ca-1Zn-xBi alloys
were taken at open-circuit potential (E,) as shown in
Fig. 7(a). In general, the high corrosion potential and charge
transfer resistance and low corrosion current density indicate
that the test specimen has good corrosion resistance (Ref 34).
As can be seen, the impedance diagram of the ternary and
quaternary Mg-1.2Ca-1Zn-xBi alloys is characteristic of one
well-defined capacitive loop which is attributed to the relax-
ation process of electrochemical reaction impedance corre-
sponding to the dissolution of Mg and electric double-layer
capacitance (Cq)) at the interface between the sample surface
and corrosion medium (Ref 35). Thereby, the electrode reaction
process correlated with high-frequency capacitive loop can be
described by a parallel circuit of Cy and charge transfer
resistance R, (Ref 23). The diameter of the high-frequency
semicircle gives the charge transfer resistance R, at the
electrode/electrolyte interface. Therefore, charge transfer resis-
tance could be used to evaluate the corrosion property of the
alloys. This is because the larger the R, is, the more difficult is
the transfer of charges between solution and the sample surface,
and thus the corrosion rate is low (Ref 23). As can be seen, the
whole specimens show similar EIS spectra, except for the
difference in the diameter of the capacitive loop. This indicated
that the corrosion mechanism of aforementioned alloys is
similar, while their corrosion rate is different. The EIS spectra
of the entire samples can be fitted well using a simple
equivalent circuit to characterize the samples where R,
represents the solution resistance, C. is the coating capacitance
and R, is the charge transfer resistance. The graph shows that
addition of Bi more than 0.5 wt.% Bi leads to a decrease in the
diameter of the capacitive loop which means a decrease in
corrosion resistance. Higher R, value obtained with addition of
0.5 wt.% Bi and the lowest value with 5 and 12 wt.% Bi
addition reflects the alloy behavior during corrosion. This
suggests that the addition of 0.5 wt.% Bi to ternary Mg-1.2Ca-
1Zn alloy can hinder the charge transfer process at the
substrate/electrolyte interface. The Bode plots of the EIS
spectra obtained for the both ternary and quaternary samples
are shown in Fig. 7(b). The impedance modulus at low
frequency (|Z|g1n,) i1s used to characterize the corrosion
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Fig. 6 SEM micrographs of (a) Mg-1.2Ca-1Zn and Mg-1.2Ca-1Zn-Bi alloys with various Bi content: (b) 0.5 wt.%, (c) 1.5 wt.%, (d) 3 wt.%,

(e) 5 wt.% and (f) 12 wt.% after polarization in SBF at 37 °C
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Fig. 7 Electrochemical impedance spectroscopy measurements of Mg-1.2Ca-1Zn and Mg-1.2Ca-1Zn-xBi alloys specimens in SBF at 37 °C (a)

Nyquist plot and (b) Bode plot

protection property of the samples (Ref 36). It is clearly evident
from the impedance value in the low-frequency range that the
samples of Mg-1.2Ca-1Zn and Mg-1.2Ca-1Zn-0.5Bi alloys
presented the best corrosion resistance as their values are the
highest, |Z|=1y,, 2.24 X 10° and 1.78 x 10° Hz, respectively.
However, Mg-1.2Ca-1Zn-5Bi and Mg-1.2Ca-1Zn-12Bi alloys
presented the lowest |Z|e—1y, at the low-frequency limit
(790 Hz) which was attributed to the precipitation of Mg,Bi,Ca
phases and consequently formation of galvanic couple. Based
on the result of electrochemical test, it is found that the
corrosion behavior of Mg-1.2Ca-1Zn-xBi alloys is highly
dependent on the amount and type of secondary phases formed.
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3.3 Immersion Test

Figure 8 shows the surface morphologies of Mg-1.2Ca-1Zn and Mg-
1.2Ca-1ZnBi alloys specimens after 168-h immersion in the Kokubo
solution. Figure 8(a) and (b) shows that the entire surface of Mg-1.2Ca-
1Zn alloy was covered by an insoluble corrosion product. The dehydration
of the surface layer in the air has caused the formation of cracks on the
surface of specimens. The presence of cracks allows the solution to have
direct contact with the matrix and accelerating the corrosion process. The
corrosion behavior of Mg-based alloys can be determined by observing the
condition of the cracks and the surface. The degradation of Mg alloys in the
SBF occurred according to the following equation:
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Fig. 8 SEM micrographs and corresponding EDX analysis of (a,b) Mg-1.2Ca-1Zn and Mg-1.2Ca-1Zn-Bi alloys with various Bi content: (c,d)
0.5, (e,f) 1.5, (g,h) 3, (i,j) 5 and (k1) 12 wt.% after immersion in SBF for 168 h
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Mg + 2H,0 — Mg(OH),+H, 1 (Eq 3)
Mg +2C1~ — MgCl, (Eq 4)
10Ca’" 4 6PO;~ +20H™ — Ca;o(PO4)((OH), (Eq 5)

Mg(OH), and H, will be produced when Mg-based alloy is
immersed in SBF which is similar to the behavior of pure Mg
(Eq 3). However, the existence of destructive 2CI™ in the
solution converted Mg(OH), into a more soluble MgCl, (Eq 4).
As the reaction progressed, hydroxyapatite [Ca;o(PO4)s(OH),]
would be formed due to the reaction between phosphate ions
(HPO,*>~ or PO,’") and Ca’" in the solution with the
OH (Eq 5). The surface of Mg-1.2Ca-1Zn-0.5Bi alloy
(Fig. 8c, d) shows smaller cracks than Mg-1.2Ca-1Zn alloy
which reflects that the improvement of corrosion resistance
after addition of 0.5 wt.% of Bi into the alloy. Further addition
of Bi content to 3 wt.%, these cracks became larger and deeper
(Fig. 8e, f). The addition of Bi up to 12 wt.% has led to the
formation of very rough surface and many large corrosion pits
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Fig. 9 Variation of the pH value in the Kokubo solution as a func-
tion of immersion time of the ternary Mg-1.2Ca-1Zn and quaternary
Mg-1.2Ca-1Zn-xBi alloys with varying Bi content
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on the surface of the alloys. The EDS analysis revealed the
presence of Mg(OH), consistent with the atomic ratio of Mg to
O (1:2). However, the EDS analysis of the corrosion layer
indicates that the surface structure consist of Mg and O as well
as traces amount of Ca and P, which represents the formation of
HA. These micrographs and EDS results show that Mg-1.2Ca-
1Zn-0.5Bi alloy has better corrosion behavior than Mg-1.2Ca-
1Zn alloy. On the other hand, further addition of Bi up to
12 wt.% would deteriorate the corrosion resistance of Mg-
1.2Ca-1Zn-xBi alloys. This is in good agreement with the result
of polarization test.

Figure 9 shows the variation of the pH value for Mg-1.2Ca-
1Zn-xBi alloys with different Bi contents in the Kokubo
solution as a function of immersion time. Serious hemolysis
could happen if the pH value of solution exceeds 10.2 for an
implant (Ref 37). It can be observed that the pH values for all
specimens increase significantly at the initial stage. According
to Witte et al. (Ref 38), the increase in the pH value of solution
was caused by the release of OH™ ions into the solution in the
form of Mg(OH), on the surface of specimens. The pH value
then slightly decreased and became constant as immersion time
increased because of the formation of Mg(OH), and HA on the
surface of the Mg-1.2Ca-1Zn-xBi alloys. The accumulation of
corrosion products on the surface of the Mg alloy which can be
function as protection layer to separate the substrate with the
solution has caused the declination of pH value in the solution
(Ref 39). Consequently, the corrosion behavior of alloys can be
evaluated effectively by the variation of pH value as a function
of immersion time (Ref 40). Thus, low pH value of solution
indicates low corrosion rate of specimens. Mg-1.2Ca-1Zn-
0.5Bi alloy shows the lowest slope compared to Mg-1.2Ca-1Zn
and all other Mg-1.2Ca-1Zn-xBi alloys, indicating its excellent
corrosion resistance. However, the corrosion rate of the
specimens increased with a further increase in Bi from 1.5 up
to 12 wt.%. This is due to the main role of Bi in the
precipitation of the secondary phases which deteriorated the
corrosion resistance of the alloys.

The corrosion mechanisms of the Mg-1.2Ca-1Zn-Bi alloy
are schematically exhibited in Fig. 10. As bare Mg alloy was
exposed to SBF solution, the grain boundaries preferentially
corroded due to the microgalvanic activity between secondary
phase and magnesium. Due to the occurrence of electrochem-
ical reactions on the Mg alloy surface, a thin layer of Mg(OH),

| SBF
I

8 PO, * H2P04%~

+ HCOs Na* PO,

=~ 50, K* Ca* OH~
Q

[T]

=

A CI

& l’ Mg(OH), HA

Immersion time

Fig. 10 Schematic illustration of the corrosion mechanism of Mg-1.2Ca-1Zn-Bi alloy
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Fig. 11 Hydrogen evolution of the Mg-1.2Ca-1Zn and Mg-1.2Ca-
1Zn-xBi alloys specimens after immersion in SBF solution for dura-
tion of 240 h

was formed. However, due to the presence of Cl™ in the SBF
solution, the Mg(OH), will be transformed to more soluble
MgCl, and release large amount of OH™ in the simulated
physiological environment which resulted in significant in-
crease in the pH value of the SBF solution. At the same time,
the MgCl, dissolves to Mg®>" and 2Cl™ leaving several
corrosion pits on the surface of the Mg alloy. As corrosion
proceeded, by consuming Ca®" and POs*~ from the physio-
logical environment, hydroxyapatite (HA, Ca;o(PO4)s(OH),)
precipitated on the Mg(OH), which acted as nucleation
template. With increasing immersion time, further magnesium
alloy degraded and more HA precipitated on the Mg alloy
surface which ended updecreasing the degradation rate of the
Mg alloy. Zhang et al. (Ref 41) exhibited that the precipitation
of HA improved by degradation rate of magnesium alloy.
However, Pan et al. (Ref 42) demonstrated that alkaline
solution and rough areas with large specific surface areas can
promote nucleation sites for HA.

Figure 11 shows the cumulative volume of hydrogen
produced by the Mg-1.2Ca-1Zn and Mg-1.2Ca-1Zn-12Bi alloy
in SBF solution after different immersion times. The introduc-
tion of more than 0.5 wt.% bismuth into the ternary Mg-1.2Ca-
1Zn alloy resulted in an increase in degradation rate in
comparison with the ternary alloy. The hydrogen evolution was
highest for the Mg-1.2Ca-1Zn-12Bi alloy, lowest for the Mg-
1.2Ca-1Zn-0.5Bi and Mg-1.2Ca-1Zn alloys. The corresponding
corrosion rates of Mg alloy containing 0.5, 1.5 and 3 wt.% Bi
were calculated as 1.48, 3.13 and 3.73 ml/cmz/day, respec-
tively, whereas it was 1.62 ml/cm*/day when Bi was not added.
While Mg alloy containing 5 wt.% Bi and 12 wt.%, Bi
exhibited fast corrosion rates of 5.43 ml/cm?’/day and
6.04 ml/cm?/day, respectively. It can be also observed that the
hydrogen production rapidly increased at the initial stage of the
experiment due to the formation of thin and porous Mg(OH),
layer which is not able to protect Mg alloy against the
penetration of the solution into the alloy. However, hydrogen
production rate gradually decreases with increasing immersion
time owing to the formation of a thicker and more corrosion
products on the alloy surface leading to decline solution
infiltration to the substrate hence reducing the hydrogen
evolution (Ref 43).
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Fig. 12 X-ray diffraction patterns of (a) Mg-1.2Ca-1Zn and Mg-
1.2Ca-1Zn-xBi alloys with varying Bi content (b) 0.5 wt.%, (c) 1.5
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Fig. 13 FTIR results of (a) Mg-1.2Ca-1Zn and Mg-1.2Ca-1Zn-xBi
alloys with varying Bi content (b) 0.5 wt.%, (c) 1.5 wt.%, (d) 3
wt.%, (e) 5 wt.% and (f) 12 wt.% after immersion in SBF for a
duration of 168 h

Figure 12 shows the XRD diffraction patterns of the Mg-
1.2Ca-1Zn and Mg-1.2Ca-1Zn-xBi alloys after immersion in
Kokubo solution for 168 h. It shows the presence of Mg(OH),
reflections in addition to the reflections of HA and Mg. It can be
seen that the diffraction of HA phases significantly increased
with lower intensities of Mg(OH), in Mg-1.2Ca-1Zn-0.5Bi
alloy compared to Mg-1.2Ca-1Zn alloy. This result is in good
agreement with the EDS analysis. It reflects that more
protective films formed as the corrosion products on the
surface of specimen. Both Mg(OH), and HA appeared with
different intensity reflections representing the influence of Bi
content on corrosion behavior of specimens.

Fourier transform infrared (FTIR) spectrum of corrosion
product of the Mg-1.2Ca-1Zn and Mg-1.2Ca-1Zn-xBi alloys
after 168-h immersion in Kokubo solution is shown in Fig. 13.
It can clearly be observed that the corrosion products formed on
the surface of Mg-1.2Ca-1Zn and Mg-1.2Ca-1Zn-xBi alloys are
similar but with different quantity. The O-H stretching vibration
is observed at the peak of 3708 cm™' confirmed the formation
of Mg(OH),. The bands at 3486 and 1677 cm ™' are related to
the water stretching vibration. The C-O stretching of the
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Fig. 14 Cell viability of MC3T3-E1 cells after incubation in a) Mg-1.2Ca-1Zn and b) Mg-1.2Ca-1Zn-0.5Bi alloys with extracts of three differ-

ent 100, 50 and 10% concentration for 2, 4 and 7 days

carbonate groups is observed at 1467 and 891 cm™' which
represents the formation of HA. Phosphate groups (PO4> ") are
detected at 1200, 1081 and 605 cm™! after immersion for
168 h. The phosphate group can interrupt the action of chloride
and reduce the dissolution rate of a-Mg.

3.4 Cytotoxicity Assessment

The Mg-1.2Ca-1Zn-0.5Bi alloy was selected for cytotoxi-
city test due to its lower degradation rate compared to the other
alloys containing Bi. It was reported (Ref 44) that cells culture
is an essential in vitro method in the cytocompatibility
assessment of a new biomaterial. And cytotoxicity testing
serves as a key indicator for quickly screening the biocompat-
ibility of alloys; hence, it is vital to measure toxicity effect of
the elements for biomedical application (Ref 45). Figure 14
shows the cell viability cultured in Mg-1.2Ca-1Zn and Mg-
1.2Ca-1Zn-0.5Bi alloys extraction medium for 2, 4 and 7 days.
In addition, the cell viability also increased with the increasing
incubation time. Once diluting, the extracts into 50% and 10%
the cell viabilities are all improved. The viability of MC3T3-E1
cells of the Mg-1.2Ca-1Zn-0.5Bi alloy was lower compared to
that of control group, while the Mg-1.2Ca-1Zn alloy indicated
slightly lower viability than that of control group. The results
also revealed better cytocompatibility of Mg-5Zn-1Ca alloy to
MC3T3-El cells than that of the Mg-1.2Ca-1Zn-0.5Bi alloy.
Furthermore, ternary Mg-1.2Ca-1Zn alloy indicated higher cell
viability than that of quaternary Mg-1.2Ca-1Zn-0.5Bi alloy.
Similar study conducted by Zhang et al. (Ref 46) showed Mg-
Zn alloys containing 1-3 wt.% also did not induce toxicity in
cells. In this regard, Feyerabend et al. (Ref 47) investigated the
in vitro cytotoxicity of the elements Y, Nd, Dy, Pr, Gd, La, Ce,
Eu, Li and Zr and their results exhibited that the La and Ce have
the highest cytotoxicity compared to the other elements. They
also demonstrated that the cytotoxicity of these elements is
strongly related to ionic radii. It should be noted that the ionic
radius of Bi is similar to that of Ce element, indicating a
relatively high cytotoxicity. However, Zhou et al. (Ref 48)
investigated the in vitro cytocompatibility of binary Zr-1X
(X=Ti, Nb, Mo, Cu, Au, Pd, Ag, Ru, Hf and Bi) after
immersion in minimum essential medium (MEM) with 10%
fetal bovine serum and their results exhibited no significant
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difference between control group and Zr-1Bi alloys (Cell
viability of 93%) indicating that the Zr-1Bi alloy is safe as an
implantable material. Gao et al. (Ref 49) evaluated the
cytotoxicity of bismuth oxychloride (BiOCl) nanosheets, and
they indicated that BiOCl had no cytotoxicity at low concen-
trations (<0.5 pg/mL), while it shows toxic effects on HaCaT
cells at higher concentrations (5-100 pg/mL). Other research
(Ref 50) on bismuth revealed that Bi administrated orally is
extracted from humans mainly in urine and feces. Sanderson
et al. (Ref 51) reported no toxic effects of Bi shot embedded in
the breast muscles of game-farm mallards. Therefore, results
regarding the biocompatibility (Ref 52, 53) of Bi are contra-
dictory and further investigations, including in vivo biocom-
patibility evaluations, are required to further understand and
verify the biocompatibility of the magnesium alloy containing
Bi.

4. Conclusion

The effect of different amount of Bi on the microstructure
and in vitro corrosion behavior of Mg-1.2Ca-1Zn-xBi was
investigated in a Kokubo simulated body fluid solution at
37 °C. The results indicate that addition of 0.5-12 wt.% Bi can
effectively refine the grains of the Mg-1.2Ca-1Zn alloy. Three
phases Mg,Ca, Ca,Mg¢Zn; and Mg;Bi, were observed in Mg-
1.2Ca-1Zn-xBi (x = 0.5, 1.5 and 3). However, in the Mg-
1.2Ca-1Zn-xBi (x =5 and 12), four different phases were
identified; Mg,Ca, Ca,MgeZn;, MgszBi, and Mg,Bi,Ca.
Potentiodynamic polarization and EIS results exhibit that
enhancement of the corrosion behavior of Mg-1.2Ca-1Zn alloy
after addition of 0.5 wt.% Bi while further addition from 1.5 to
12 wt.% Bi significantly increases the corrosion rate of the
ternary Mg-1.2Ca-1Zn alloy. Cytotoxicity test showed that
Mg-1.2Ca-1Zn-0.5Bi alloy has a more toxic effect on MC3T3-
El cells compared to Mg-1.2Ca-1Zn alloy. However, the Mg-
1.2Ca-1Zn-0.5Bi alloy presented the best corrosion properties
compared to Mg-1.2Ca-1Zn and other Mg-1.2Ca-1Zn-Bi
alloys. Hence, it can be considered as an interesting candidate
material for the development of biodegradable implants.
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