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Abstract: The microstructural observation, the mass loss test, potentiodynamic polarization measurements and
corrosion morphology examinations were conducted to study the influence of microstructural characteristics on
corrosion behavior of Mg—5Sn—31In alloys in Hank’s solution after extrusion. The results show that the corrosion rate of
the as-cast alloy is similar to that of as-extruded alloy; however, the local corrosion susceptibility is greatly weakened in
the as-extruded alloy, especially in the extrusion direction. The relatively uniform corrosion morphology of the
as-extruded alloy is attributed to refined Mg,Sn particles, uniform distribution of Mg,Sn particles and favorable crystal
orientation. Meanwhile, the cytotoxicity tests confirm that the Mg—5Sn—31In alloy exhibits cytotoxicity of Grade 0—1 for

NIH3T3 cells, suggesting an acceptable cytotoxicity of this alloy in the vitro assay.
Key words: Mg—Sn alloy; indium element; microstructure; corrosion behavior; cytotoxicity

1 Introduction

Magnesium is non-toxic and nutrient element in
the human body, and is beneficial to many
metabolic reactions and biological functions [1,2].
Moreover, the elastic modulus of magnesium and
magnesium alloys is close to that of human femur
bone, minimizing the “stress-shield” effect for
human body [3]. These unique and intriguing
characteristics have attracted considerable attention
to developing magnesium alloys as biodegradable
materials [4—6].

However, one of the major constraints in
practical clinical applications for magnesium or/and
its alloys is uncontrolled corrosion rate in aqueous
solutions [1,7]. It is well known that alloying is an

effective way to modify the magnesium degradation
ability in biological environment [8,9]. Sn element
has higher hydrogen evolution overpotential than
magnesium, which can reduce the hydrogen
evolution rate and thus improve corrosion
resistance of magnesium alloys [10]. ZENGIN
et al [11] reported that the corrosion resistance of
AS21 alloy is gradually improved by Sn additions.
In addition, Sn is nutrient and trace element in
human body [12]. The Sn-deficient condition leads
to poor growth of human body and reduces feeding
efficiency in rat studies [8]. However, the excessive
Sn element added to magnesium alloy usually
results in the formation of large amount of Mg,Sn
phase. The Mg,Sn phase is effective site to initiate
pitting corrosion, because the electrochemical
potential of Mg,Sn phase is nobler than that of
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magnesium matrix [13—15]. We found in the
previous study [16] that the dissolved In element in
a-Mg reduces the potential difference between the
Mg,Sn phase and a-Mg matrix, thereby decreasing
the effect of Mg,Sn as the cathodic phase for
Mg—5Sn alloy in the 3.5 wt.% NaCl solution.
Therefore, the Mg—Sn—In alloy system was selected
in this work to further study the corrosion behavior
of the alloy in Hank’s solution.

Mechanical processing such as rolling, hot
extrusion and equal channel angular pressing
have been reported to modify the microstructure
of Mg alloys and thus to alter the corrosion
behavior [17,18]. SONG et al [19] found that the
AZ91D magnesium alloy displayed a significantly
higher corrosion rate with increasing pass of equal
channel angular pressing, forming more pits in
NaCl solution. Therefore, the influence of
mechanical work on the biodegradation behavior of
Mg—Sn alloys remains a question that needs to be
studied.

In this work, the Mg—5Sn—3In alloy was
selected as the studied material. This alloy was cast
initially and then subjected to hot extrusion. We
aimed to reveal the impact of microstructure
modification, caused by extrusion, on corrosion
behavior of this alloy, and thus uncovering
the corrosion mechanism. Mass loss tests,
electrochemical tests and corrosion morphology
observations were conducted to evaluate the
corrosion rate with different processing conditions.
Finally, the cytotoxicity of Mg—5Sn—3In alloy was
evaluated in vitro.

2 Experimental

2.1 Materials and microstructure characterization

Mg—5Sn—3In alloy ingot with nominal
composition of 5wt.% Sn and 3 wt.% In was
prepared by melting high purity Mg (99.99%), Sn
(99.99%) and In (99.995%) in a magnesia crucible
under protection of a mixed gas atmosphere of SFg
and CO, in a resistance furnace. The melt was cast
into a preheated steel mould at 523 K with a
diameter of 70 mm. The as-cast ingot was treated
with solid solution at 723 K for 24 h followed by
water cooling. The sample with a diameter of
60 mm and height of 30 mm after solution was
extruded into a square bar with a square section
area of 12 mm x 12 mm at the speed of 13 mm/s.

The extrusion was performed at the temperature of
573 K and the extrusion ratio was set to be 20:1.

The microstructures and corrosion properties
of the as-cast Mg—5Sn—3In alloy (denoted as
as-cast-TI53), as well as extruded alloy in the
parallel extrusion direction (denoted as ED-TIS53)
and perpendicular to extrusion direction (denoted as
TD-TI53) were evaluated and compared. The
extracted positions of ED-TI53 and TD-TI53 from
the extruded bar are shown Fig. 1. The dimensions
of samples for microstructure, immersion test and
electrochemical test were 12 mm % 12 mm x 2 mm.
The microstructure of samples was analyzed
using an electron probe micro-analyzer (EPMA,
JXA—-8530F Plus) that was operated in a back
scattered electron imaging mode. The transmission
electron microscope (TEM, JEOL JEM-2100F)
was used to further characterize the detailed
microstructure. The phases were measured by
an X-ray diffractometer (XRD, PANalytical
Empyrean) with CuK, radiation at a scanning
speed of 0.14 (°)/s.

ED-TI53
12 mm
12 mm Z5Hm
i —
Extrusion direction 12 mm
TD-TI5S3
12 mm
2 mm

Fig. 1 Extracted positions of ED-TI53 and TD-TI53 from
extruded bar

2.2 Immersion and electrochemical tests
The samples for immersion test
mechanically ground with SiC papers up to 2000
grit. Then, each sample was immersed in 250 mL
Hank’s solution up to 20 d at (37£0.5) °C. The
Hank’s solution was replaced by a fresh one
every 7d. The chemical composition of Hank’s
simulation body fluids is listed in Table 1.
Corrosion products were removed using 200 g/L
CrO;+10 g/ AgNO; solution for 8§ min. Surface
morphology of corroded samples was observed by
scanning electron microscope (SEM, Zeiss supra
55, Zeiss Corp) fitted with an energy dispersive
spectroscopy (EDS). Corrosion rate was calculated
according to ASTM standard G31—72(2004) [20]:

P=KW/(Atp) (1)

Wwere



Xue-jian WANG, et al/Trans. Nonferrous Met. Soc. China 31(2021) 2999-3011 3001
Table 1 Chemical composition of Hank’s solution at pH of 7.4+0.2 (g/L)

NaCl KC1 CaC12 NaHCO3 KH2P04

CGHIZOG

NazHPO4 12H20 MgC12 6H20 MgSO4 7H20

8.00 040 0.14 0.35 0.06 1.00

0.06 0.10 0.06

where P is the corrosion rate in mm/a, K is a
constant (8.76x 104), W is the mass loss of sample in
g, A is the surface area of sample in cm’ ¢ is the
immersion time in h, and p is the density in g/cm’.
For each condition, at least three samples were
tested to obtain good statistics.

Before electrochemical test, the samples were
ground with SiC papers up to 2000 grit, washed
with distilled water, and dried by cold air. A
conventional three-electrode system consisting of a
platinum foil as the counter electrode, a Ag/AgCl
electrode as the reference electrode and the sample
(0.7854 cm® for exposed area) as the working
electrode was employed to obtain electrochemical
parameters at (37+0.5) °C. The potentiodynamic
polarization test was measured at a scanning rate of
0.5 mV/s. Polarization curves were fitted using
Tafel extrapolation method. Corrosion rate was
calculated by [21]

327004, @

oV

P

where J. is the corrosion current density in Alem?,
M is the relative molecular mass in g, and V' is the
valence number (electrons lost during the oxidation
reaction). At least three samples were tested for
each sample condition to ensure the accuracy.

2.3 Cytotoxicity test

Cell viability was conducted by indirect
method with the NIH3T3 cells according to the
International Organization for Standardization (ISO
10993—75) [22]. The NIH3T3 cells were cultured in
Dulbecco’s modified eagle’s medium (DMEM,
Hyclone, Logan, USA), supplied with 10% fetal
bovine serum (FBS, Invitrogen, Carlsbad,
USA), 2 mmol/L. glutamine, 100 U/mL penicillin
and 100 pg/mg streptomycin in a humidified
atmosphere of 5% CO, at 37 °C. The extracts of
studied alloys were prepared by DMEM and
incubated for 24 h with an extraction ratio of
1.25 cm*/mL. The cell viability was assessed using
CCK-8 assays. NIH3T3 cells were seeded at a
density of 5x10° cells/mL in the 96-well tissue
culture plate and cultured with complete DMEM in
a humidified incubator containing 5% CO, at 37 °C.

After 24 h, the culture medium was replaced by the
extracts and kept further incubation for 1, 3 and 5 d,
respectively. The cell culture medium was adopted
as negative control. At determined time, the extracts
of each well were replaced by a mixture of 10 pL.
Kit-8 (CCK-8, Donjindo, Kumamoto, Japan) and
90 pL culture medium and incubated for 2 h. The
spectrophotometrical absorbance of each well
was measured by a microplate reader (BioTek,
Winooski, VT, USA) at a wavelength of 450 nm.
Three duplicates of each group were adopted for
cell viability assay.

3 Results and discussion

3.1 Microstructures

Figure 2(a) shows backscattered electron
microscope image of as-cast-TI53 alloy. The micro-
structure of as-cast-TIS3 alloy exhibits typical
dendritic morphology. In our previous study [18],
the as-cast Mg—5Sn—31In alloy is composed of a-Mg
matrix, Mg,Sn phase and element enriched areas. In
element is mainly enriched in interdendritic areas
and dissolved in a-Mg matrix. However, it is clearly
observed in Figs. 2(b) and (c) that element enriched
areas are eliminated after extrusion. The Mg,Sn
particles are both precipitated within the grains and
grain boundaries. Figure 2(d) shows the bright field
TEM image of Mg,Sn particles in as-cast-TIS3
alloy. It is seen that the Mg,Sn particles are in
micron scale size. Compared to as-cast-TI53 alloy,
the spherical Mg,Sn particles with nanometer and
sub-micron scales are observed in ED-TI53 alloy, as
shown in Fig. 2(e). Spherical Mg,Sn particles with
different length scales are usually found in hot
deformed Mg—Sn based alloys [23,24]. Figures 2(f)
and (g) show the (0001) and (1010) pole figures
of ED-TI53 alloy, respectively. It is apparent that
ED-TIS3 alloy exhibits a typical basal texture, as
indicated by the maximum intensity of basal texture
of 12.8.

The size and morphology of Mg,Sn particles
are changed, but also the distribution and area
fraction of Mg,Sn particles have varied in different
conditions. The area fraction of Mg,Sn particles in
ED-TI53 and TD-TI53 alloys is higher than that in
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Fig. 2 Backscattered electron microscope images of as-cast-TI53 (a), ED-TI53 (b), and TD-TIS3 (¢) alloys (the inset in
each figure shows magnified image of the local area), TEM image and SAED pattern of Mg,Sn particles in as-cast-T153
(d) and ED-TI53 alloys (e), and pole figures of (0001) (f) and (1010) (g) for ED-TI53 alloy

the as-cast-TI53 alloy. The reasons are summarized
as follows: (1) the maximum solid solubility of
Sn in Mg, 14.85wt.% at 561.2 °C, drastically
declines to 0.45 wt.% at 200 °C, resulting in the
precipitation of Mg,Sn particles with the decreasing
temperature [25]; (2) no Sn element enriched areas
are present in ED-TIS3 and TD-TI5S3 alloys,
resulting in a high content of Sn to precipitate
and form Mg,Sn particles; (3) the dynamic
precipitation of Mg,Sn can be enhanced by the
mechanical straining arising during extrusion
processing; (4) the intermetallic particles increase
more significantly on the (0001) plane than those
on (1010) plane after heat treatment [26].

Figure 3 shows the element distribution of
TD-TI53 alloy. The Sn element enriches in the
bright Mg,Sn phase, while In element is evenly
distributed in a-Mg matrix. This is because the In
element has a high solid solubility (53.2 wt.%) in
Mg. Thus, In element is mostly dissolved in a-Mg

matrix for the extruded Mg—5Sn—3In alloy.
Figure 4 shows the results of XRD measurements.
It can be seen that the intensity of Mg,Sn diffraction
peaks in ED-TI5S3 and TD-TIS3 alloys is higher
than that in the as-cast-TI53 alloy, suggesting that
the volume fraction of Mg,Sn particles is higher in
the extruded alloy. No other phases except Mg and
Mg,Sn are detected in the XRD measurements.

3.2 Corrosion properties

Figure 5 shows that the average corrosion
rate is calculated by the mass loss rate after
20d immersion in Hank’s solution. The corro-
sion rates are (0.489+0.080), (0.4224+0.049) and
(0.494+0.041) mm/a for as-cast-TI53, ED-TI53 and
TD-TIS3 alloys, respectively. The difference of
corrosion rate is minor, and ED-TI53 alloy exhibits
relatively optimal corrosion resistance. Figure 6
shows potentiodynamic polarization curves of
the studied alloys after immersion for 0 and 3 d,
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Fig. 3 Backscattered electron microscope image of TD-TI5S3 alloy (a), and element distribution in TD-TI53 alloy of

Mg (b), Sn (c) and In (d)
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Fig. 4 XRD patterns of as-cast-TI53, ED-TIS3 and
TD-TIS3 alloys

respectively. The corrosion current density (Jor) 1S
obtained using Tafel extrapolation method to fit the
potential range from —130 mV (vs corrosion
potential (pcor)) to —100 mV (Vs @eorr On cathodic
branch). The ¢con, Jeor and the average corrosion
rate (P;) obtained from the potentiodynamic
polarization curves are summarized in Table 2.

It can be found in Fig. 6(a) that the as-cast-TI153

0.6

0.4 / I /

0.3

0.2

Corrosion rate/(mm-a’")

0.1

As-cast-T153 ED-TI53

Sample

TD-TI53

Fig. 5 Average corrosion rates of as-cast-T153, ED-TI53
and TD-TI53 alloys in Hank’s solution for 20 d

alloy shows the lowest J., after immersion for 0 d,
which is not consistent with the corrosion rates
obtained by mass loss method. Corrosion process of
magnesium alloys generally occurs via anodic
reaction of Mg dissolution and cathodic reaction of
hydrogen evolution [27]. The reactions can be
described by
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Fig. 6 Potentiodynamic polarization curves of as-cast-
TI53, ED-TIS3 and TD-TIS53 alloys after immersion for
0d(a)and 3 d(b)

Table 2 Fitting results derived from potentiodynamic
polarization curves

. corrfl VS
I atoy ARy S (I
As-cast-TI5S3 —1.562 13.93 0.318
0 ED-TIS53 —1.559 15.62 0.357
TD-TI53 —1.569 18.80 0.430
As-cast-TI5S3 —1.504 8.24 0.188
3 ED-TI53 —1.469 5.33 0.122
TD-TI53 —1.486 7.88 0.180
Anodic reaction: Mg—Mg* +2e 3)

Cathodic reaction: 2H,0+2e—H,+20H  (4)

In the Mg—Sn alloys, Mg,Sn particles act as
the cathodic phase in corrosion process. The
distribution and quantity of Mg,Sn particles are
quite different in the studied alloys, which have
remarkable influence on cathodic polarization. The
cathodic current density increases in ED-TI53 and

TD-TI53 alloys due to the increase in area fraction
of Mg,Sn particles. SONG and ATRENS [27]
reported that the discrete distribution of Mgj;Al,
phase can deteriorate corrosion resistance of alloy
after extrusion. Meanwhile, GUI et al [28] found
that reducing volume fraction of the (MgZn);Gd
particles may increase the corrosion resistance
of the extruded Mg—3.0Gd—2.7Zn—0.4Zr-0.1Mn
alloy. Thus, the corrosion rates of ED-TI53 and
TD-TI53 alloys are enhanced with the increasing
secondary phases in the early stage of the corrosion.

However, the dissolved In element in a-Mg
reduces the potential difference between the Mg,Sn
phase and a-Mg matrix, thereby decreasing the
effect of Mg,Sn as the cathodic phase [16]. Most of
In is dissolved in a-Mg matrix for ED-TI5S3 and
TD-TI53 alloys due to the solution treatment before
extrusion. Thus, ED-TI53 and TD-TI53 alloys
exhibit higher corrosion resistance than as-cast-
TI53 alloy. In addition, the grain sizes of the as-cast
and extruded Mg—5Sn—3In alloys are (290.1+20.6)
and (1.96+0.14) um, respectively. ED-TI53 and
TD-TI53 alloys have more grain boundaries than
as-cast-TI53 alloy due to refined grains. The
boundaries of grains and a-Mg are high activity
areas, and thus the corrosion reaction mainly occurs
in high activity area of o-Mg matrix and grain
boundaries. The protective oxidation film and
corrosion products are formed on a-Mg matrix and
at the grain boundaries. In order to indicate the
effect of protective oxidation film and corrosion
products on corrosion process, the potentiodynamic
polarizations after immersion for 3 d are performed.
Compared to the curves after immersion for 0 d, the
enhancement of ¢, after immersion for 3d
indicates that the partially protective oxidation film
on the surface of Mg—5Sn—3In alloy hinders the
corrosion reaction in terms of thermodynamics.
The J.r obtained from the potentiodynamic
polarizations after immersion for 3 d indicates that
the formed films of ED-TI53 and TD-TIS3 are
advantageous over those of as-cast-TI53 alloy for
protecting the matrix. This is because the refined
grains are beneficial to a more rapid formation of a
protective layer on the surface of alloys due to
increasing reactivity sites for the nucleation of
oxide film [28,29].

3.3 Corrosion morphology
Figures 7(a—c) show corrosion morphologies
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Element wt.% at.% (k) Point B Element wt.% at.%
o C 27.46 38.86 0 5551 71.05
o P 45.02 47.83 o Mg 15.62 13.15
Mg 470 329 P 1427 9.43
Ca 2021 8.57 Mg Ca 1135 5.80
" Na 0.52 038 In .14 0.20
: K 0.34 0.15 P Sn 2.11 036

S 175 0.93 a

S

0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
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Fig. 7 Corrosion morphologies of as-cast-TI53 (a), ED-TI53 (b) and TD-TIS3 (c) alloys after 1 d immersion in Hank’s
solution, corrosion morphologies of as-cast-T153 (d), ED-TIS3 (e) and TD-TI53 (f) alloys after 7 d immersion in Hank’s
solution, surface morphologies of as-cast-TI53 (g), ED-TI53 (h) and TD-TI53 (i) alloys after removing corrosion
products and 20 d immersion in Hank’s solution, and EDS results at selected Points 4 (j) and B (k)

of the studied alloys after immersion in Hank’s Mg,Sn particle in as-cast-TI53 alloy. The small and
solution for 1 d. It is seen that corrosion is initiated intact Mg,Sn particles are found in ED-TI53 and
around the Mg,Sn particles. Coarse Mg,Sn particles TD-TI53 alloys. The cracks of corrosion film are
are corroded seriously as compared with fine formed due to dehydration in air for all the alloys.
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Figures 7(d—f) show the corrosion morphologies of
the studied alloys after immersion in Hank’s
solution for 7 d. The surfaces of all the alloys are
covered by corrosion film and white corrosion
products. Spherical corrosion products and a large
corrosion pit are found on as-cast-TI53 alloy
surface, as shown in Fig. 7(d). In comparison, the
corrosion products present strip distribution and no
corrosion pits are found on the surfaces of ED-TI53
and TD-TI53 alloys. Therefore, the distribution of
corrosion products is dominated by the distribution
of Mg,Sn particles. Figures 7(g—i) show the surface
morphologies of as-cast-TI53, ED-TI53 and
TD-TIS3 alloys after 20 d immersion in Hank’s
solution. The corrosion products were removed to
show the morphology. It is seen that the surface of
as-cast-TI53 alloy is ruptured in most of the regions
and sever local corrosion occurs. The ED-TIS3
and TD-TI5S3 alloys exhibit filiform corrosion
morphology and contain a number of deep pits. The
results demonstrate that corrosion morphology

~ 1 eExam
Corrosion pits

varies depending on the structures [30,31]. The fine
and uniform Mg,Sn particles can greatly hinder
corrosion pits to expand in depth direction. Thus,
the corrosion damage level of the extruded alloy
after immersion for 20 d in Hank’s solution is
much weaker than that of the as-cast alloy. The
EDS analysis of Points 4 and B shows that
corrosion products mainly contain O, C, Mg,
Ca and P elements. In Hank’s solution, aside
from the magnesium oxide and magnesium
hydroxides, (Ca,Mg) carbonates and (Ca,Mg)
phosphates are usually found to be the main
components of the corrosion products which are
partly protective [32,33].

Figure 8 shows the back-scattered electron
images of the cross-section of alloys after
immersion in Hank’s solution for 20 d. Figure 8(a)
shows that a typical local corrosion morphology is
present in as-cast-TI53 alloy, and the remarkable
corrosion depth is measured to be 192.5 um. The
magnified morphology in Fig. 8(b) shows that the

Fig. 8 BSE images of cross-section of alloys after 20 d immersion in Hank’s solution: (a, b) As-cast-TI53; (¢, d) ED-
TI53; (e, f) TD-TIS3 ((b, d, f) present the magnified local corrosion regions of as-cast-TI53, ED-TI53 and TD-TI53,

respectively)
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o-Mg matrix adjacent to interdendritic areas is
corroded seriously, and the interdendritic areas are
slightly attacked. Figures 8(c) and (e) show that the
local corrosion is alleviated after extrusion, and the
maximum local corrosion depth of TD-TI53 alloy is
reduced to only 22.6 um. However, corrosion depth
of ED-TI53 alloy is more uniform than that of
TD-TIS53 alloy. Some separate corrosion pits are
observed in TD-TIS53 alloy. Studies have revealed
that crystallographic feature affects the initiation
and propagation of the localized attacks [34—36].
For example, the magnesium (1010) and (1120)
planes can easily initiate pitting corrosion at small
potentials over the corrosion potential, while
magnesium (0001) plane alleviates the pitting
corrosion susceptibility [37]. ED-TI53 alloy
exhibits a typical basal texture, as shown in
Fig. 2(f), and thus the strong basal texture inhibits
the initiation of pitting corrosion. In addition, the
distribution of Mg,Sn particles is more uniform in

ED-TIS3 alloy than that in TD-TIS53 alloy, slowing
down corrosion process beneath corrosion products,
as shown in Figs. 8(d) and (f). Thus, ED-TI53 alloy
possesses the lower tendency for pits growth and
lower dissolution rate in Hank’s solution, due to the
strong basal texture and more uniform distribution
of Mg,Sn particles.

Figure 9 shows the corrosion mechanisms
during the corrosion process of each sample. As
shown in Fig. 9(a), in Stage I, the micro-galvanic
corrosion consists of anodic a-Mg matrix and
cathodic Mg,Sn particles. It has been reported that
the rate of the micro-galvanic corrosion is primarily
determined by the area ratio of anodic to cathodic
phases and the difference of electrical potential
between anodic and cathodic phases [38,39]. The
Mg,Sn particles in as-cast-TI53 alloy are much
larger than those in ED-TI53 and TD-TI53 alloys.
The coarse Mg,Sn particles are easier to initiate
pitting corrosion than the finer Mg,Sn particles, as

101- TMg2+ / \
(a) Corrosion around
secondary phases

Separate Secondary

Sever local corrosion

Stage 1 Stage 11 Stage 111

(b)

- o-Mg matrix
- Mg,Sn particles

S0P

Stage 1 Stage 11 Stage II1

- Element enriched area

Hank’s solution

Fig. 9 Schematic diagrams of corrosion mechanism: (a) As-cast-TI53 alloy; (b) ED-TI53 alloy; (c) TD-TI53 alloy
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shown in Fig. 7. Thus, the local micro-galvanic
corrosion rate of ED-TI53 and TD-TI53 alloys is
much lower.

In Stage II, oxides and hydroxides protective
films formed in the corrosion initial stage are
damaged in Cl -containing solution as the
immersion time increases. The o-Mg matrix is
preferentially dissolved along the interdendritic
areas as Mg,Sn particles are distributed in
interdendritic areas for as-cast-TIS3 alloy. Once
o-Mg matrix nearby the Mg,Sn particles is
completely dissolved, Mg,Sn particles gradually
peel off and corrosion cavities are formed. The bare
metal contacts with Hank’s solution, and the
repassivation process is less likely to occur in the
corrosion cavity. The corrosion cavity increases the
roughness of the bare surface and further increases
area ratio of cathodic to anodic to accelerate the
corrosion rate. The interdendritic areas are more
corrosion resistant than o-Mg matrix. Therefore,
corrosion develops into the interior part of
as-cast-TI153 alloy, and promotes the separation of
interdendritic areas from matrix. However, after the
protective film breaks, fine Mg,Sn particles provide
more homogeneous sites for pitting corrosion to
occur in ED-TI5S3 and TD-TI53 alloys. The fine
Mg,Sn particles with uniform distribution make
each pit difficult to grow, as shown in Figs. 9(b)
and (c).

In Stage III, the local corrosion becomes more
serious in as-cast-TI53 alloy, while a large number
of fine Mg,Sn particles peel off and small corrosion
pits merge in ED-TI5S3 and TD-TIS3 alloys.
However, it is found in Figs.7 and 8 that the
corrosion morphologies of ED-TI53 and TD-TI53
alloys are quite different. Compared with ED-TI53
alloy, the Mg,Sn particles with net-like distribution
in TD-TI53 alloy cause the increasing exposed area
of a-Mg matrix, thus accelerating corrosion rate.
The separate corrosion pits are finally formed inside
net-like distributed Mg,Sn particles.

3.4 Cytotoxicity

Figure 10 shows the changes of optical density
(OD) values and cell viabilities with varying
incubation time. After 1d of incubation, the
difference of the OD wvalue is small between
as-cast-TI53 and ED-TIS3 alloys, whereas both of
them are higher than that of TD-TIS53 alloy. Except

for ED-TI53 alloy, the OD values increase with the
increase of incubation time up to 3 d. The decreasing
OD value of ED-TI53 alloy after 5 d may be due to
exfoliation of many Mg,Sn particles. The OD
values of all the alloys are higher than that of
control group, suggesting that the extracts promote
the cell proliferation. The variations of cell viability
values are shown in Fig. 10(b). It is found that cell
viability decreases slightly with the increase of
incubation time. The deterioration on cell viability
suggests lagged response of NIH3T3 and alkalinity
circumstance due to the degradation of Mg—5Sn—
3In alloy [40,41]. The result shows that all the cell
viability values are more than 100% in all
incubation time. According to ISO10993—5 [22],
the cell viability values of as-cast-TI53, ED-TIS3
and TD-TI53 ((123£7.2)%, (117£7.8)% and
(128+12.8)%, respectively) after incubation for 5 d
show the cytotoxicity of Grade 0—1, suggesting
good cytotoxicity of these alloys. The alloys show
similar cell viability because of the same chemical
elements, contents and similar corrosion rates.

2.0

(a) Il As-cast-TI53 [ ED-TI53
Il TD-TI53 1 Control
1.6}
2
> 1.2+
=l
[
<
=
2 08r
=3
o
0.4}
0
1 3 5
Incubation time/d
200
(b) Bl As-cast-TI53
1 ED-TI53
160 - B TD-TI53
§
2120r
:_'_5'
.8
Z 80
(]
O
40 -

1 3 5
Incubation time/d

Fig. 10 Optical density of Mg—5Sn—3In samples (a) and
cell viability of NIH3T3 (b) after incubation for 1, 3 and
5d
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4 Conclusions

(1) Interdendritic element enriched areas in
as-cast alloy are eliminated, and In element is
completely dissolved in a-Mg matrix after hot
extrusion. The number and area fraction of Mg,Sn
particles are increased while the size of Mg,Sn
particles is reduced after extrusion.

(2) The area ratio of cathode to anode
increases due to the increasing fraction of Mg,Sn
particles in the extruded alloy, leading to the
increase of corrosion rate. However, the refine grain
of the extruded alloy is beneficial to a more rapid
formation of a protective layer on the surface of
alloys, and thus improving the corrosion resistance.
ED-TIS3 alloy exhibits the optimum corrosion
resistance in the three sample conditions.

(3) Mg,Sn particles provide the initiative
corrosion sites, and thus, the corrosion morphology
is dependent on the distribution of Mg,Sn
particles. Local corrosion susceptibility is greatly
weakened in ED-TI53 alloy because of the uniform
distribution of fine Mg,Sn particles and higher
basal texture.

(4) The cytotoxicity experiments reveal that
Mg—5Sn—3In alloy exhibits the cytotoxicity of
Grade 0—1, suggesting an acceptable cytotoxicity of
this alloy in the vitro assay.
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3. RilgAiE R MRS NIREERE HF B 200233

O B RMASME. RESR. A MBI SRR AE S T B A 5 R S R AR O X
Mg—5Sn—3In &4 7E Hank’s V¥R H B IRAT A2 . 25 SRR $EE 5 &SR MR 5SH%E G &ML, HERH
FEIMLAR R AR & 4 R R ph U, Rl RIBE TR M. FIESS S NEMEREZR T4
SRR/ INIAI AT 3 A IR Mg, Sn B0k L 25 A 45 R R o [RIINE, 4 2 1 S 36 AE B Mg—5Sn—31In &4:%F NIH3T3 2
BRI S 0~1 4, RWIE 65 NIH3T3 4 BTG5k .
XHEIR: Mg-Sn &4 #oEk; DWALL BTl stk

(Edited by Wei-ping CHEN)

3011



