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The aim of this work is to investigate the corrosion resistance and biocompatibility of three kinds of Fe based
bulk metallic glasses (BMGs), Fe41Co7Cr15Mo14C15B6Y2 (BMG1), (Fe44Cr5Co5Mo13Mn11C16B6)98Y2 (BMG2),
and Fe48Cr15Mo14C15B6Er2 (BMG3) by electrochemical measurements and indirect contact cytotoxicity as-
says, respectively. In comparison with 316 L SS biomedical steel, Fe based BMGs show better corrosion resis-
tance in both simulated body fluids (Hank's solution and artificial saliva). The OCP curves show that the
passive film on the Fe based BMG surfaces is quite stable, like 316 L SS. The corrosion current densities obtained
from the anodic polarization curves from the lowest to highest are as follows: BMG3bBMG1bBMG2b316 L SS.
The EIS analysis indicates that the Fe Based BMGs have larger polarization resistance value than that of 316 L SS
except for BMG2 in artificial saliva. The pitting corrosion potentials of Fe based BMGs are much higher than that
of the 316 L SS, resulting in very few ions releasing into the electrolytes while a significant amount of Ni and Fe
ions release was found for 316 L SS under the same condition. The indirect cytotoxicity results suggest that all
three Fe based BMG extracts have no cytotoxicity to L929 and NIH3T3 cells. All these results demonstrate that
Fe based BMGs will open up a new path for the biomedical applications, especially in dental implantology.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Bulk metallic glasses (BMGs) have showed several characteristics
that make them ideal for corrosion- and wear-resistant medical appli-
cations, their excellent anti-corrosion properties, exceptional me-
chanical properties, as well as the forming ability in the supercooled
liquid state [1]. Earlier works have been carried out to explore the
use of BMGs as dental or knee-replacing biomaterials including Zr-
based BMG systems [2–8] and Ti-based BMG systems [9–14].

Fe-based BMGs have very low costs compared to Zr-based or Ti-
based BMGs, making them very attractive for any large-scale applica-
tions; they also have reasonably good glass forming ability (GFA) and
can be easily prepared by traditional Cu-mold casting/cooling
methods. Many studies have been reported on the anti-corrosion
properties of Fe-based BMGs in aggressive media like HCl, H2SO4,
NaCl, Na2SO4, NaOH. The results obtained showed that Fe-based
BMG could be excellent corrosion-resistant materials used in engi-
neering areas. Our previous work has shown that FeCoCrMoCBY
BMG has better corrosion resistance than 316 L SS in simulated
body fluids [15] and is suitable for biomedical use from biocorrosion
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point. However, biocompatibility evaluation of Fe-based BMGs is
still needed. In the present study, three kinds of Fe based BMGs
with high GFA were chosen for their size represented by the critical
maximum diameter [16–18], which is a minimum requirement for
the potential dental implant usage. We carried out various electro-
chemical measurements to measure the corrosion performance and
ion release behavior of these alloys. We also implemented standard-
ized in vitro cytotoxicity assays to evaluate the biocompatibility.

2. Materials and methods

2.1. Material preparation and characterization

Fe41Co7Cr15Mo14C15B6Y2, (Fe44Cr5Co5Mo13Mn11C16B6)98Y2, and
Fe48Cr15Mo14C15B6Er2 (in atomic percentage, hereafter, called
BMG1, BMG2, BMG3 respectively) alloy ingots were prepared by
melting appropriate amounts of Fe, Co, Cr, Mo, C, B, Mn, Er and Y in
an arc-melting furnace with a non-consumable tungsten electrode
and water cooled copper hearth under an ultra-pure argon atmo-
sphere. For all elements used, the purity is kept at least at 99.9 wt.%.
In order to homogenize the sample composition, at least five remelt-
ing steps were carried out and in each operation the sample was
slipped into the hearth. Cylindrical samples with diameter of 5 mm
were prepared by suction casting of the molten alloy into a copper
mold. The resulting ingots were sectioned by a low speed diamond
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Fig. 1. XRD patterns of Fe based BMGs and 316 L SS.
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saw. 316 L SS rod samples were purchased from Goodfellow Cam-
bridge Ltd. (Huntingdon, England) and cut into wafers with the
same size of Fe based BMG samples. The surfaces of the experimental
specimens were mechanically polished via a standard procedure to a
wet sand paper of 2000# grit. After that, all the specimens were se-
quentially cleaned in an ultrasonic bath with acetone, ethanol and
distilled water and then dried in air.

2.2. XRD analysis

X-ray diffraction (XRD) was conducted with a scan rate of 4°/min
using Rigaku-D/maxrB diffractometer operated at 40 kV and 100 mA
at room temperature. The results revealed that all three samples
were in amorphous state.

2.3. Electrochemical measurements

The electrochemical measurements were carried out in 200 ml
electrolytes at 37 °C using an electrochemical analyzer (CHI 650 °C,
CHI, Austin, TX) controlled by a computer. The sample was set as a
‘working’ electrode (anode). The potentials were referenced against
a saturated calomel electrode and a platinum electrode was used as
an auxiliary electrode. The electrochemical measurements were car-
ried out immediately after the sample polishing and cleaning. The
OCP (open circuit potential) measurement was maintained up to
7200 s. The anodic polarization curves were recorded from −0.5 V
(vs. SCE) to +1.5 V (vs. SCE) with a scan rate of 1 mV/s after 7200 s
OCP measurements. The corrosion potential (Ecorr) and the corrosion
current density (Icorr) can be estimated from the anodic polarization
plots. The simulated body liquid electrolytes, prepared from the ana-
lytical reagents and de-ionized water, were Hank's solution with pH
value 7.4 [19] and artificial saliva solution with pH value 6.3 [20].
All the electrochemical measurements were carried out in triplicate.
EIS (electrochemical impedance spectra) data were obtained with
signal amplitude of 10 mV in the frequency range of 10−2 to
104 Hz. The data were interpreted using a fitting procedure by
Zview2.0 software. Instead of pure capacitors, constant phase ele-
ments (CPE) were introduced in the fitting procedure to obtain
good agreement between the simulated and experimental data. The
impedance ZCPE is described by an adjustable parameter Q and the ex-
ponent n in the expression: ZCPE=1/(Q(jω)n), where ω is the angular
frequency; when the exponent n equals 1, the expression describes a
pure capacitor [21].

2.4. SEM analysis

Scanning electron microscopy (ESEM, AMRAY 1-1910FE) was
used to observe the surface morphology of the samples before and
after potentiodynamic polarization.

2.5. ICP test

The inductively coupled plasma atomic emission spectrometry
(Leeman, Profile ICP-AES) was employed to measure the concentra-
tions of ions dissolved into the electrolytes. An average of three mea-
surements was taken for each group.

2.6. Cytotoxicity evaluation

Indirect cytotoxicity test was carried out according to a standard
procedure ISO 10993–5:1999 [22] using murine fibroblast cells
(L929 and NIH3T3 cell lines). Cells were cultured in the Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10% fetal bo-
vine serum, 100 U/ml penicillin and 100 μg/ml streptomycin at
37 °C in a humidified atmosphere of 5% CO2. Extraction medium
was prepared for 72 h incubation in a humidified atmosphere with
5% CO2 at 37 °C. The extraction ratio of medium volume to sample
surface area was 1 ml/3 cm2. 316 L SS was used as a control group
and resulting extracts without further dilution were used during
the test. 96-well tissue culture plates were used for growing cells.
5×103 cells/100 μl of medium were seeded in each well and incu-
bated for 24 h to allow cell attachment. The medium was then
replaced with 100 μl extracts. After 1, 2 and 4 days of incubation, 10 μl
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide,
5 mg/ml) was added to eachwell for other 4 h of incubation. 100 μl for-
mazan solubilization solution (10% sodium dodecyl sulfate solution)
was added to eachwell and incubated for 12 h. The solubilization prod-
uct was spectrophotometrically measured at 570 nm by Elx-800 (Bio-
Tek instruments).

2.7. Statistical analysis

All data were expressed as the mean±SD of 3–6 replicates. Statis-
tical procedures were performed with SPSS 16.0. Difference between
two groups was analyzed using one-way ANOVA and followed by
Tukey's test. pb0.05 was considered statistically significant.

3. Results

3.1. Microstructure

The prepared BMG samples were examined for amorphicity by X-
ray diffraction. As shown in Fig. 1, only diffuse peaks appeared in the
patterns of Fe based BMGs, indicating a fully glassy state. For the
316 L SS, typical austenite (111), (200) and (220) peaks can be
observed.

3.2. OCP measurement

Fig. 2 shows the open circuit potential as a function of immersion
time for the experimental BMGs and 316 L SS samples in Hank's solu-
tion (Fig. 2 (a)) and artificial saliva solution (Fig. 2 (b)). In Hank's so-
lution, it can be noted that after the initial period (0–1000 s), the
curves become very stable till the end of the experiment, indicating
a quite stable surface condition for all the samples. Meanwhile, a little
lower potential value was observed for BMG1 than that of 316 L SS,
while slightly higher values for BMG2 and BMG3 were observed. In
artificial saliva solution, significantly lower potential value can be ob-
served for the BMG samples. Unlike the 316 L SS sample with a 2000 s
increasing period, the open circuit potentials of BMGs were rapidly
stabilized at a steady value, which also indicates that a stable surface
condition is achieved. As for BMG2 and BMG3, a steep drop of
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Fig. 2. Representative OCP curves of Fe based BMGs and 316 L SS in Hank's solution
with pH value 7.4 at 37 °C (a); and, in artificial saliva solution with pH value 6.3 at
37 °C (b).
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Fig. 3. EIS spectra diagram of experimental data and fitted curves and equivalent circuit
used in EIS results interpretation Rs(QpRp). (a) Nyquist diagram in Hank's solution; (b)
Nyquist diagram in artificial saliva solution.
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potential value at the starting period illustrates that the original
oxide films on BMG2 and BMG3 may have a fast destruction imme-
diately after dipping into artificial saliva solution, and then further
reconstructed.
3.3. Electrochemical impedance measurement

The impedance spectra for BMG1, BMG2 BMG3 and 316 L SS sam-
ples after 7200 s immersion times in simulated body fluids are shown
in Fig. 3. The fitted curves were obtained using the Rs(QpRp) model
with only one time constant, which consists of the electrolyte resis-
tance (Rs), in series with the constant phase element (Qp) in parallel
with the polarization resistance (Rp), as shown in the inlet of Fig. 3.
It is obvious that both Nyquist plots are characterized by large de-
pressed semicircles and the diameter of the semicircle for BMG1
and BMG3 is bigger than that of 316 L SS in both electrolytes, which
indicates the enhancement of the corrosion resistance [23]. Table 1
shows the parameter values obtained from the fitting results. As can
be seen in Fig. 3 and Table 1, BMG3 sample presents highest Rp
value and smallest Qp value in both simulated body fluids. BMG2
shows the lowest Rp value in saliva solution. It also can be seen that
the values of n were very close to 1 (n≥0.88) for all the samples.
3.4. Anodic polarization measurement

Fig. 4 presents the anodic polarization curves for the Fe based
BMGs and 316 L SS measured in Hank's solution and artificial saliva
solution. It can be clearly seen that these samples passivated sponta-
neously after Tafel region. The corrosion potential (Ecorr), pitting po-
tential (Epit), and the corrosion current density (Icorr) can be
estimated from the polarization curves and are also shown in
Table 1. Apparently, with smaller icorr values and higher pitting po-
tentials in both simulated body fluids, Fe based BMGs are more corro-
sion resistant than 316 L SS. Meanwhile, we can also see that BMG3
shows better anti-corrosion feature comparing to the other two in
Hank's solution, while in saliva solution, BMG1 and BMG3 are similar
to each other. Although BMG2 have larger passivation current density
than 316 L SS, there is no obvious pitting corrosion. It is also interest-
ing to notice that all the alloys have better anti-corrosion properties
in artificial saliva solution than in Hank's solution.

3.5. Surface morphology observation after polarization

Fig. 5 shows the representative surface micrographs of BMG1
(BMG2 and BMG3 show similar morphologies or no pits) and 316 L
SS after polarization in Hank's solution and artificial saliva solution.



Table 1
The results of electrochemical parameters of Fe based BMGs and 316 L SS in Hank's solution and artificial saliva solution.

Rp (105 Ω·cm2) Qp (μF·cm−2) n Icorr (10−7 A/cm2) Ecorr (V) Epit (V)

316 L SS Hank's 3.31±0.17 58.26±0.04 0.8809±0.0018 4.54±0.70 −0.26±0.03 0.27±0.09
Saliva 7.06±0.28 18.15±0.02 0.9095±0.0026 1.76±0.41 −0.23±0.02 0.23±0.01

BMG1 Hank's 5.44±0.39 37.76±0.38 0.8846±0.0021 2.34±0.53 −0.27±0.01 1.09±0.15
Saliva 28.29±2.40 8.47±0.10 0.9329±0.003 0.48±0.16 −0.32±0.02 1.20±0.05

BMG2 Hank's 4.52±0.39 16.91±0.45 0.8321±0.0120 2.880±1.19 −0.23±0.03 –

Saliva 4.04±0.02 6.93±0.87 0.9200±0.0034 0.71±0.39 −0.29±0.04 –

BMG3 Hank's 16.04±0.83 7.66±0.34 0.8765±0.0078 0.90±0.17 −0.30±0.07 1.11±0.13
Saliva 30.54±1.57 5.10±0.09 0.9192±0.0620 0.03±0.01 −0.25±0.02 1.32±0.52
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After corrosion in Hank's solution, clearly, massive pits appeared on
the surface of 316 L SS and the hole sizes were about 100–200 μm
(Fig. 5(d)). For BMG1 samples, lots of micrometer-sized pits (most
less than 50 μm in diameter, see Fig. 5(c)) were also observed. The
pits on 316 L SS are significantly larger than those on BMG1, indicat-
ing that a large current density occurred during its pitting corrosion.
After corrosion in artificial saliva solution, plenty of pits showed up
in the surface of 316 L SS with different sizes ranged from 10 to
50 μm, while barely no pit could be observed for BMG1. It is
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Fig. 4. Representative potentiodynamic polarization curves of Fe based BMGs and 316 L
SS: (a) in Hank's solution; (b) in artificial saliva solution.
interesting to note that 316 L SS corroded worse in artificial saliva so-
lution than in Hank's solution, while BMG1 showed opposite
tendency.

3.6. Metal ion releasing behavior

Fig. 6 shows the concentration of metal ions released from the
tested samples into the electrolytes after anodic polarization. For
316 L SS, massive Fe and Ni ions were detected at the level of 1 μg/
ml in Hank's solution, whereas significant increase could be noticed
for all the ions releasing into artificial saliva solution. The situation
of Fe based BMGs is opposite to that of 316 L SS, the concentrations
of ions released in Hank's solution being larger than in artificial saliva
solution. For BMG2, only very little amount of Mo ion was detected in
Hank's solution and artificial saliva solution, less than in the case of
BMG1. As for BMG3, small amount of Cr and Mo ions was found in
Hank's solution but not in artificial saliva solution. Comparing the re-
lease of common metal constituents (i.e. Fe, Cr, Mo) from 316 L SS
and Fe based BMGs in Hank's solution (Fig. 6(a)), significant Fe ion re-
leasing from 316 L SS was detected after corrosion. However, in the
case of Fe based BMGs, no Fe ion release was detected. Small amount
of Cr ion was released from BMG1, BMG3 and 316 L SS, while espe-
cially BMG1 and BMG3 showed high levels of Mo ion released into
the solution. In the artificial saliva solution (Fig. 6(b)), besides Fe
ion, the release of the Cr and Mo ions from 316 L SS was higher
than that corresponding to Fe based BMGs, even though BMG1 and
BMG3 have the highest amounts of Cr and Mo in their compositions.

3.7. Indirect cytotoxicity evaluation

An essential requirement for a candidate material to be used in liv-
ing tissues is its ability to avoid any adverse effect. Fig. 7(a) shows the
results of MTT assay using L929 cells grown in Fe based BMGs and
316 L SS extracts after cell culture for 1, 2, and 4 days. These data
are expressed as cell viability and are related to the negative control,
which is considered to correspond to 100% viable cells. It can be ob-
served that Fe based BMG extract group maintained the cell viability
at about 100% during the whole incubation period, being even a little
higher, especially in the case of BMG1 extract. The cells cultured with
BMG2 extract shows relatively lower values than the others, but there
is no significant difference (with p>0.05), except for 4-day culture.
As for L929 cells grown in the 316 L SS extract group, they have also
shown similar viability to that of the negative control. Fig. 7(b)
shows the viability of NIH3T3 cells after culturing with Fe based
BMGs and 316 L SS extracts for 1, 2, 4 days. It can be noticed that
this graph is quite similar in appearance to that presented in
Fig. 7(a). Thus, no significant difference in cell viability response to
analyzed materials, when compared with the negative control, is
remarked excepting BMG2 extract that exhibits a lower cell viability
(pb0.05). Fig. 8 shows the L929 cell morphologies after different
culture periods. We can see that cell number grows quickly during
the 4-day culture period for all groups, and there is no obvious differ-
ence between negative group and experimental groups. Most cells



Fig. 5. SEM micrographs of BMG1 and 316 L SS after polarization in Hank's solution and artificial saliva solution: (a) BMG1 sample before corrosion; (b) 316 L SS sample before
corrosion; (c) BMG1 sample after corrosion in Hank's solution; (d) 316 L SS sample after corrosion in Hank's solution; (e) BMG1 sample after corrosion in artificial saliva; (f)
316 L SS sample after corrosion in artificial saliva.
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appear elongated in a spindle shape and become longitudinally
aligned at high cell densities.

4. Discussion

Good corrosion resistance and biocompatibility are the basic req-
uisite properties of biomaterials for the long-term service in human
body. Fe based BMGs show excellent electrochemistry properties
and favorable biocompatibility.

4.1. Electrochemistry property

4.1.1. Surface conditions
For the bio-inert metallic biomaterials, despite their mechanical

properties, chemical stability is the key factor to ensure the safety of
the host patient. From the present OCP curves and the EIS results,
we can see that BMG1 and BMG3 have a stable surface oxide film
with higher Rp values compared to that of 316 L SS in both simulated
body fluids. Since the corrosion resistance of metallic alloys is strong-
ly influenced both by alloying elements and microstructure, the
greater anti-corrosion property of Fe based BMGs in both solutions
can be interpreted in two ways. First, the high corrosion resistance
of amorphous alloys can be attributed to their chemical homogeneity
and lack of structural defects [24]. Secondly, Cr is the most effective
alloying element for increasing the corrosion resistance, a result of
enrichment of Cr ions in the passive film formed on amorphous Fe–
Cr–Mo–metalloid metallic glasses [25]. This is also the reason that
316 L SS can stay stainless in severe environment. At the same time,
Co, Y, and Er addition further improves the corrosion resistance.

4.1.2. Pitting corrosion resistant ability
Although the presence of a passive film is necessary for excellent

corrosion resistance of an amorphous metal, it is not the only criteri-
on. Normally, Ecorr is known as natural corrosion potential and Epit is
known as the pitting potential. The gap between these two (Epit–
Ecorr) is an important parameter. Higher values are desirable that re-
flect good corrosion resistant properties [26]. As it can be seen in
Table 1, in both simulated body fluids, BMG1 and BMG3 own much
higher (Epit–Ecorr) values than those of the 316 L SS. BMG2 has no ob-
vious pitting problem. It means that passive films formed on the Fe
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Fig. 6. Metal ion releasing concentration into the electrolytes after anodic polarization.
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based BMGs samples are very stable and it is not easy to break down.
So it would be rare for Fe based BMGs to meet pitting problems in
body fluids under normal condition.

316 L SS has a long history for the use in clinical area to serve as
bio-inert metallic material. Its failure happens always because of the
corrosion related issues and the release of toxic ions. Consequently,
pitting corrosion is the most likely problem that occurs in Cl− rich en-
vironments for 316 L SS and results in some unexpected effects [27–
30]. Generally, the releasing of Ni could cause allergy problems. As
it can be seen in Fig. 3, in simulated body fluids, an apparent and
rapid increase in the current density occurred at very low potential
value for 316 L SS, indicating comparatively the high tendency of pit-
ting corrosion. On the contrary, in the case of the Fe based BMGs, the
breakdown potential is much higher than 1 V. These breakdowns may
be correlated with the transpassive dissolution of molybdenum [31]
according to the ion releasing results.

All these results showed that Fe based bulk metallic glasses pos-
sess a stable surface and pitting corrosion resistant ability, which
would make them much safer than 316 L SS when used in human
body.

4.2. Biocompatibility

As resulted from the indirect cytotoxicity evaluation, both the Fe
based BMGs and 316 L SS have no adverse effects on cell viability,
proliferation and morphology. However, Vorpahl et al. [32] reported
that Fe element had larger cytotoxicity effects than Al and Cr on
C2C12 cell line. Other studies showed that Co and Cr ions had cyto-
toxic effects on MG-63 osteoblast-like cells [33] and could induce
the oxidation [34] and nitration [35] of cytoplasmic proteins in
human U937 macrophages when their concentration reached certain
values. These results suggested that these ions had the potential to
modify the redox state of the cells and protein function. Yamamoto
et al. [36] carried out the cytotoxicity evaluation of a series of metal
salts using L929 cells and osteoblastic cells MC3T3-E and demonstrat-
ed that the intensity of the metal salt-induced cytotoxicity tended to
be quite similar between both cell lines. Based on the values obtained
for the half maximal inhibitory concentration (IC50), they established
the sequence from the highest toxic salts to the lowest toxic salts as
being: CoCl2>NiCl2>YCl3>Cr(NO3)3>MoCl5>FeCl3 for L929 cells,
and CoCl2>Cr(NO3)3>NiCl2>YCl3>FeCl3>MoCl5 for MC3T3-E cell.
Fe and Mo ions were considered to have low cytotoxicity while the
other ions were considered to present middle cytotoxicity. As it is
known, Fe is the basic trace element in human blood. 316 L SS is
stainless and used as biomedical alloy because Cr element could
form a passive oxide film. Likewise, the alloying elements Co, Cr,
Mo, Er and Y also could form a passive oxide film on the Fe based
BMGs. This film acts as a barrier and reduces ion release and further
guarantees its safety for biomedical application. However, for the
long-term concern, 316 L SS is always accompanied by pitting

image of Fig.�6


Fig. 8. Morphologies of L929 cells cultured with Fe based BMGs and 316 L SS sample extraction media after 1, 2, 4 days (Phase contrast microscopy).
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corrosion problems as discussed above. Therefore, Fe based BMG will
open up a new path for the biomedical applications, especially in den-
tal application (e.g. dental implants), based on our results of the high
corrosion resistance in artificial saliva solution.

5. Conclusions

From the discussions above, the following conclusions can be
drawn: (1) With higher pitting potential values and lower corrosion
current density values than those of 316 L SS both in Hank's solution
and artificial saliva solution, Fe based BMGs are more corrosion-
resistant than 316 L SS. (2) Fe based BMGs have better anti-
corrosion resistance in artificial saliva solution than in Hank's solu-
tion, suggesting more positive prospective applications in dental
areas. (3) High cell viability value of Fe based BMGs approaching to
the negative control group could be explained by the protective effect
of the compact oxide film, avoidingmetal ion releasing in the biofluid.
Anodic polarization results clarify the immune ability of Fe based
BMGs for local corrosion, meaning that the oxide film could not be
broken easily.
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