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Fe30Mn6Si alloy was investigated as a potential degradable biomaterial, with the recently well-developed
biodegradable metals, pure iron and Fe30Mn alloy, as comparison. The microstructure, mechanical properties,
shape memory effect, corrosion behavior and in vitro biocompatibilities were evaluated by X-ray diffraction,
scanning electronmicroscopy, tensile tests, electrochemical tests, immersion tests inHank's solution till 6 months,
cytotoxicity and hemolysis tests. It's found that Fe30Mn6Si alloy consists of ε-martensite and γ-austenite at
room temperature, the mechanical property of Fe30Mn6Si alloy is higher than that of the pure iron, and the
corrosion rate of Fe30Mn6Si alloy is higher than that of Fe30Mn alloy. Additionally, Fe30Mn6Si alloy shows good
performance for blood vessel related cellular application and the hemolysis percentage is less than 2%. In
conclusion, Fe30Mn6Si alloy is a promising biodegradable metallic material with a shape memory function.
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1. Introduction

Research in biodegradable metallic materials including Mg-based
[1] and Fe-based [2] alloys has been a hotspot. Compared with Mg-
based alloys, pure iron and its alloy possess better mechanical prop-
erties and don't have hydrogen evolution during the degradation.
According to the recent results of animal tests, pure iron is believed
to be a suitable metal for the production of biodegradable stent with-
out significant obstruction of the stented vessel caused by inflamma-
tion, neointimal proliferation, or thrombotic events, except for the
shortcoming of a much slow degradation rate [3,4]. Thereafter Fe–Mn
[5] and Fe–Mn–Pd [6] alloys with higher degradation rate than that of
pure iron have been developed as potential degradable metallic
biomaterials.

Fe–Mn–Si alloys are promising shape memory alloys which have
been used for pipe joints [7] but no previous work pays any atten-
tion to their biomedical application. Following the outline of the
aforementioned development of biodegradable Fe-based alloys, we
believe that it is worthwhile to investigate the feasibility of Fe–Mn–Si
alloy as biodegradable metal candidate, since element Si is widely
used in biomedical metallic materials as an alloying element [8]. In
the present study, on the basis of the material characterization
including microstructure, mechanical properties and shape memory
effect, the in vitro biocompatibility evaluation such as corrosion
behavior in Hank's solution, cytotoxicity and hemolysis of Fe30Mn6Si
alloy was further studied.

2. Materials and methods

Commercial pure iron (99.9%), silicon (99.999%) and manganese
(99.7%) were melted in a vacuum-induction furnace under argon
atmosphere to fabricate Fe30Mn and Fe30Mn6Si (wt.%) alloys. Part of
the Fe30Mn6Si alloy ingot was cut, solution treated at 850 °C for 1 h
and water quenched to enhance its shape memory effect.

X-ray diffractometer (Rigaku DMAX 2400) using CuKα radiation
was employed for the identification of the constituent phases of
experimental alloys. The tensile tests were carried out at a displace-
ment rate of 1 mm/min with an Instron 3365 universal test machine.
Shape recovery testing was performed by tension of the samples at
room temperature and recovering them by heating to 750 °C.

The potentiodynamic polarization tests were carried out from
−1000 mV (vs. SCE) to −400 mV (vs. SCE) at a scanning rate of
0.33 mV/s in Hank's solution. Experimental samples were immersed
in Hank's solutions at 37 °C for 3, 10, 30, 90 and 180 days. The con-
centrations of various elements released into the solutions were
determined by ICP-AES (Leeman, Profile) after the corrosion products
were completely dissolved by HNO3. An average of three measure-
ments was taken for each group.

Human umbilical vein endothelial cells (ECV304) and rodent
vascular smooth muscle cells (VSMC) were used for cytotoxicity
tests. Extraction medium was prepared using DMEM serum free
medium with the surface area/extraction medium ratio 1 cm2/mL.
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Fig. 1. (a) XRD patterns and optical micrographs (insets) of Fe30Mn6Si with pure iron
and Fe30Mn as controls; (b) tensile properties of Fe30Mn6Si with pure iron and
Fe30Mn as controls; (c) shape recovery curve of Fe30Mn6Si by tensile test.
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Cells were incubated in 96-well cell culture plates at 5×103 cells/
100 μL medium in each well and incubated for 24 h to allow
attachment. The medium was then replaced with 100 μL of extrac-
tion medium and incubated for 1, 2 and 4 days. 10 μL MTT was added
to each well and incubated for 4 h at 37 °C. After that, 100 μL
formazan solubilization was added in each well for more than 10 h
in the incubator. The spectrophotometrical absorbance of the sam-
ples was measured by microplate reader (Bio-RAD680) at 570 nm
with a reference wavelength of 630 nm. The concentrations of
released metal ions into the extraction medium were also measured
by ICP-AES.

Samples were dipped in separate standard tubes containing 10 mL
of normal saline that were previously incubated at 37 °C for 30 min.
0.2 mL of diluted blood was added to these tubes respectively and
the mixtures were incubated for 60 min at 37 °C. After this period,
samples were removed and all the tubes were centrifuged at 800×g
for 5 min. The supernatant from each tube was transferred to a well in
a 96-well plate where the absorbance was measured by microplate
reader (Bio-RAD680) at 545 nm.

3. Results and discussion

3.1. Microstructure, mechanical properties and shape memory effect

Fig. 1(a) shows the microstructure of Fe30Mn6Si alloy with pure
iron and Fe30Mn alloy as controls. Fe30Mn6Si and Fe30Mn alloys
have a complex microstructure which consists of ε-martensite and
γ-austenite at room temperature, while α-ferrite is the main phase
of pure iron. The grain size of Fe30Mn6Si alloy is comparable to that
of Fe30Mn alloy and smaller than that of pure iron. From Fig. 1(b),
it can be seen that the yield strength (YS) of Fe30Mn6Si alloy
goes down compared to that of pure iron but is higher than that of
Fe30Mn alloy. The ultimate strength (US) of Fe30Mn6Si alloy is
the highest among the three kinds of samples. The elongation of
Fe30Mn6Si alloy is found to be decreased when element Si is added
to Fe30Mn alloy, but it's still higher than that of pure iron. Fig. 1(c)
indicates the shape memory effect of Fe30MnSi alloy, and clearly a
recovery ratio about 53.7% can be reached when the sample is
deformed to the total strain of 3% and the exact pre-strain of 2.73%.

3.2. Corrosion behavior

Fig. 2(a) presents the potentiodynamic polarization curves of
Fe30Mn6Si alloy immersed in Hank's solution with pure iron and
Fe30Mn alloy as control. Fe30Mn6Si alloy exhibits the lowest
corrosion potential and highest corrosion current densities among
the three experimental materials. Based on electrochemical data, it
can be found that the sequence of corrosion rate from high to low is:
Fe30Mn6SiNFe30MnNpure iron. According to the XRD results shown
in Fig. 1(a), Fe30Mn and Fe30Mn6Si alloys consist of ε-martensite
and γ-austenite phases while pure iron is constituted by α-ferrite
single phase. The α-ferrite is recognized to be more corrosion resis-
tant than the ε-martensite and γ-austenite [9]. Hence, Fe30Mn and
Fe30Mn6Si show higher corrosion rate compared to pure iron. In the
present study, the addition of Si increases the contents of γ-austenite
according to the XRD results. Furthermore, it's known that the
electrical resistivity of the ε-martensitic state is definitely higher
than that of the γ-austenitic state for Fe-based shape memory alloys
[10]. This can explain the higher corrosion rate of Fe30Mn6Si alloy
electrochemical measurements. However, according to the results
of immersion tests as shown in Fig. 2(b), the sequence is: pure
ironNFe30Mn6SiNFe30Mn. In fact, the difference between these two
corrosion rate measurement methods lies in that the influence of
corrosion products isn't taken into consideration in electrochemical
measurements. For Fe-based alloy the surface layer of corrosion
products can increase the corrosion rate [11]. From the surface
morphologies of samples shown in Fig. 3, it can also be found that the
whole surface of pure iron is covered by brown corrosion products after
6 month immersion.However, brightmetal surface can still be observed
on Fe30Mn alloy and Fe30Mn6Si alloy samples.

3.3. Cytotoxicity and hemolysis

Fig. 4 illustrates the results of cytotoxicity tests for pure iron,
Fe30Mn and Fe30Mn6Si alloy extracts, with 316L SS as a reference.
The sequence of viability of various extracts is: pure ironNFe30MnN
Fe30Mn6Si (pb0.05). As shown in Fig. 4(c), the released ion



Fig. 3. The surface mophologies of (a) pure iron, (b) Fe30Mn, and (c) Fe30Mn6Si after
180 days immersion in Hank's solution.

Fig. 2. (a) Potentiodynamic polarization curves of Fe30Mn6Si immersed in Hank's
solution with pure iron and Fe30Mn as control; (b) released ion concentrations of
Fe30Mn6Si with pure iron and Fe30Mn as control in Hank's solution.
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concentration from Fe30Mn6Si alloy was higher than that of pure iron
and Fe30Mn alloy. From the cytotoxicity results of pure iron, it's
obvious that Fe ion slightly inhibited the viability of ECV304 and
VSMC. What's more, Mn ion shows higher metabolic inhibition effect
to cells than Fe ion at the same concentration [5]. Therefore, the
higher released ion concentration, in other words, the higher deg-
radation rate leads to lower viability. That was why Fe30MnSi exhibits
the lowest biocompatibility. Although the cell viability of Fe30Mn6Si
alloy group is significantly decreased compared to that of 316L SS
group, it can be noticed that the cell viability begins to rise from day 2
to day 4 for ECV304, which is a good sign for cellular application.
Moreover, it can be found that the extract of Fe30Mn6Si alloy brings
higher cell viability for ECV304 cell line than that for VSMC and this
maybe more advantageous for preventing the restenosis of blood
vessel due to excessive neointimal smooth muscle cell proliferation.
Fig. 4(d) shows the hemolysis percentages of pure iron, Fe30Mn
and Fe30Mn6Si alloys, with 316L SS as a reference. A little increased
hemolysis value of Fe30Mn6Si alloy sample is observed in comparison
with 316L SS but the hemolysis percentage is less than 2%. Clearly, the
hemolytic grade of Fe30Mn6Si alloy is nonhemolytic according to
ASTM-F756-08.
4. Conclusions

Fe30Mn6Si alloy is proved to be a suitable biodegradable metallic
material with shape memory function. It's composed of martensite
and austenite phase at room temperature and exhibits bettermechan-
ical properties than pure iron. The corrosion rate of Fe30Mn6Si alloy is
increased in comparison with that of Fe30Mn alloy. Fe30Mn6Si alloy
extract leads to reduced cell viabilities due to its higher released ion
concentration, but a sign of rising viability of ECV304 after day 2 is
observed and an obvious inhibition of VSMC is obtained. Furthermore,
Fe30Mn6Si alloy is nonhemolytic, with the hemolysis percentage
being less than 2%.
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Fig. 4. Cell viability of (a) ECV304 and (b) VSMC after 1, 2 and 4 days incubation in extraction mediums with 316L SS as a reference; (c) released ion concentrations in extraction
mediums used for cytotoxicity tests; (d) hemolysis percentage of pure iron, Fe30Mn and Fe30Mn6Si alloys with 316L SS as a reference.
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