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Abstract

The corrosion resistance and biocompatibility of a novel FesoCrisMo10C20Si> metallic
glass (Fe-MGQG) are studied by electrochemical measurements and indirect contacting
cytotoxicity assays for biomedical applications. In Hank’s solution, the Fe-MG shows
better corrosion resistance than SS316L, evidenced by the larger polarization resistance
in the potentiodynamic and electrochemical impedance spectroscopy (EIS) tests, and
the lower amounts of released metallic ions during the immersion test. X-ray
photoelectron spectroscopy (XPS) analyses show that a double-layer passive film
consisting of outer Fe-rich oxide and inner Cr-rich oxide is formed on the Fe-MG. The
stable passive film, together with the defect-free nature of the metallic glass, accounts
for good corrosion resistance. In addition, in vitro tests suggest that the Fe-MG extracts
have good blood compatibility and no cytotoxicity to murine fibroblast cells. Compared
with other Fe-based metallic glasses, the prepared novel Fe-MG contains no toxic

elements and shows a low corrosion rate.

Keywords: metallic glass; microstructure; corrosion; biocompatibility; blood

compatibility.



1. Introduction

In the biomedical field, stainless steel (SS for short) has been widely used for bone
fixing screws, plates, intravascular stents and other biomedical components due to its
good mechanical property, low cost, moderate corrosion resistance and good
biocompatibility. For long-term usage, however, SS may suffer from severe corrosions
or even implant failure due to the general and/or localized degradations in the
aggressive body environments. Post-implantation inspection showed that up to 90%
SS316L (a typical biomedical SS) exhibited general corrosion and localized failure like
pitting, crevice corrosion and stress corrosion cracking [1]. The corrosion of SS is
always accompanied by the release of metallic ions (like Fe**/Fe**, Ni** and Cr®"),
which may introduce allergenic reactions and toxicity to the human body [2, 3]. For
instance, previous in vitro and animal studies have proved that Ni*" and Cr®" could be
a potential carcinogen [3, 4]. These observations motivated the pursuit of implant

materials with better biocompatibility and higher corrosion resistance.

Due to its amorphous nature, metallic glass (MG) is free from grain boundaries,
segregations and crystal defects like dislocation, which enable it to have excellent
mechanical and anti-corrosion properties [5-8]. Besides, metallic glass has good net-
shaping behavior. These benefits make metallic glass a promising candidate to replace
existing metallic biomaterials. In the last decade, a series of metallic glasses, including
Zr-based [9, 10], Ti-based [11], Pt-based [5] and Fe-based [12], have been developed
for biomedical applications. They are fabricated into rods, plates, wires, stents, or thin
films for bio-functional purposes, including load-bearing, anti-wear, improved cellular
response, antibacterial, and so on [5, 13]. For instance, copper mold cast Ti-Zr-Cu-Pd-
Sn bulk metallic glass (BMG) had a critical diameter as high as 10 mm and exhibits
good plasticity, high yield strength and fracture strength [14]. Zr-Cu-Ag thin film
metallic glass (TFMG) was fabricated by different methods (physical vapor deposition
or magnetron sputtering) and the effect of element contents on microstructure and

biocide activity was investigated [15-18].



Among different metallic glasses, Fe-based metallic glasses stand out for biocompatible
applications owing to their high strength and hardness, excellent corrosion and wear
resistance, and the relatively low-priced Fe as the main element. It is reported that Fe-
based metallic glasses have a high hardness up to 1800 MPa and ultimate tensile
strength of ~3000 MPa, which are much higher than currently used biomedical steels
[13]. To overcome the brittle nature of Fe-based metallic glasses, the ductility could be
improved by carefully adjusting the chemical composition [19]. For instance, the plastic
strain of Cu-Zr-Ti metallic glass increased greatly with the addition of 2.2 at.% Fe-C
[20]. Zhou et al. [21] found that the plastic strain of Fe-Mo-P-C-B BMG was improved
from 1.7% to 7% with the proper addition of 1 at.% Si. However, further increasing Si
to 2 at.% resulted in brittle fracture without any plastic deformation [21]. Besides, Fe-
based metallic glasses show much higher corrosion resistance than stainless steels in
the corrosive body fluids, as reported in several studies [22]. Wang et al. [23] fabricated
a nickel-free Fe41Co7Cri1sMo14C15B6Y2 metallic glass by suction copper mold casting,
which had a good glass-forming ability (GFA) and exhibited much better corrosion
performance than SS316L in Hank’s solution and artificial saliva. Zohdi et al. [24]
investigated the corrosion performance of a Fess.xCrisMo7B16CaNbx system and found
that the addition of Nb not only improved the GFA of this system, but also enhanced its
corrosion resistance in Ringer’s solution. For biomedical implant applications, the Fe-
Cr-Mo series metallic glasses are proposed as promising candidates [13] due to their
high GFA and good corrosion resistance. During the interaction with body fluids, such
Cr-containing Fe-Cr-Mo metallic glasses spontaneously develop a passive film mainly
composed of chromium oxide/hydroxide on the surface [22], and the presence of Mo
helps to improve corrosion resistance [25]. On the basis of Fe-Cr-Mo, improvement has
been made in this metallic glass system by adding alloying elements to acquire certain
improved properties [13]. To improve the GFA, previous studies chose elements Y, Co
or B, which are known to be toxic and may potentially be hazardous to human health

in the long term [26]. Therefore, novel Fe-based metallic glasses are still highly desired
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and being developed by many researchers. A successful metallic glass design should
consider several aspects. First, the added element should increase, or at least maintain,
the GFA. Second, the selected element should be of low toxicity to avoid any adverse
reaction with human body. Third, the properties (corrosion, mechanical, and/or anti-
bacterial) of the metallic glass could be improved rather than deteriorated. Based on
these criteria and the element mixing rule in previous studies, C and Si are considered
as alloying elements due to their non-toxic nature, the beneficial role in improving GFA
and corrosion resistance [27]. By far, the Fe-Cr-Mo-C-Si metallic glass has not been
reported. Then, it is of great interest to successfully prepare such metallic glass with
specific chemical compositions and examine the related properties. In addition, an in-
depth understanding of the corrosion mechanism and detailed analyses of the passive
oxide film during corrosion are highly desired, since it could be helpful in the optimized

design of implant metallic glass with better corrosion resistance.

In the present study, a Fe-based metallic glass (Fe-Cr-Mo-C-Si) free from toxic
elements is fabricated. The corrosion resistance is evaluated in simulated body fluids
by electrochemical techniques and immersion tests. Detailed microstructure of the
passive film and chemical state of each element are analyzed by XPS. Besides,
standardized in vitro cytotoxicity tests are also conducted to evaluate the

biocompatibility for its potential biomedical usage.

2. Experimental

2.1 Material preparation

Ingots of FesoCrisMo10C20Si2 alloy were prepared by melting high purity (>99.9 wt.%)
elements in an arc-melting furnace with a non-consumable tungsten electrode and
water-cooled copper hearth. The furnace was firstly flushed with pure argon thoroughly
and pure Ti ingot was used as a getter prior to melting to reduce the residual oxygen as

much as possible. At least five remelting steps were carried out and the ingot was
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slipped into the hearth after each remelting to ensure microstructural homogeneity.
Then, FesoCrisMo10C20S12 metallic glass (Fe-MG for short) rod samples with a diameter
of 1.5 mm were fabricated by water-cooled copper mold suction casting. The rods were
vertically cut along the diameter to show the cross-section for further studies.
Biomedical SS316L samples were purchased from Kanghui Medical Innovation Co.
Ltd. (Changzhou, China). All the sample surfaces were mechanically polished up to
2000 grit by wet SiC paper, washed with distilled water, cleaned in an ultrasonic bath

with acetone, and dried with pressurized air.

2.2 Corrosion tests

Corrosion resistance was measured by both electrochemical and immersion tests.
Hank's Balanced Salt Solution (Hank’s solution for short), with a measured pH value
of 7.4 and the concentrations of 8.0 NaCl, 0.4 KCI, 0.18 CaCl,, 0.35 NaHCOs3, 0.1
MgSO4-7H20, 0.1 MgCl>-6H>0, 0.12 NaoHPO4, 0.06 KH2PO4 and 1.0 glucose (all in
g L'1), was used to simulate the body fluid. The electrochemical corrosion tests were
conducted in a conventional three-electrode chemical cell on an electrochemical station
(PARSTAT 400, Princeton). The counter, reference and working electrodes are platinum
plate, saturated calomel electrode (SCE) and SS316L/Fe-MG sample, respectively. The
testing temperature was kept at 37 + 0.5 °C using a water bath, and Hank’s solution was
aerated. Open circuit potential (OCP) measurement was maintained to 7200 s for a
steady state with the wvariation on potential less than 0.01 V/h [28]. Then,
electrochemical impedance spectroscopy (EIS) was applied in the frequency range
between 102 Hz and 10°> Hz with an amplitude of £10 mV to the open-circuit potential.
After EIS, the polarization curves were recorded from -1.0 to 1.6 V (vs. SCE) with a
scan rate of 1 mV s!. The corrosion potential (Ecor), corrosion current density (Icorr)
and pitting potential (Epit) were estimated from the polarization curves. All the
electrochemical measurements were carried out in triplicate and the results were
expressed as “mean values + standard deviation”. The corrosion rate could be estimated

by the electrochemical parameters based on ASTM G102-89 [29]:
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Corr. rate = 3.27 lT . EW Equation 1

where Corr.rate is the corrosion rate in um y!; EW is the alloy equivalent weight; icor

is the corrosion current density, mA cm™; p is the density of the alloy, g cm™.

The immersion test was performed in Hank’s solution at 37 °C under the guidance of
ASTM G31 [30]. The SS316L and Fe-MG specimens were immersed separately in
Hank’s solution with a solution/surface area ratio of 20 mL/cm?. After 30 days’ static
immersion, the samples were taken out and the concentrations of dissolved ions in
Hank’s solution were measured by an inductively coupled plasma atomic emission

spectrometry (ICP-AES, Leeman). All the measurements were repeated three times.

2.3 Materials characterization

X-ray Diffraction (XRD, Dmax 2500VB with Cu-Ka radiation) was carried out with a
scan rate of 4° min™! at room temperature to detect the phase constitution of the prepared
Fe-MG. Differential Scanning Calorimetry (DSC, NETZSCH STA 449C) was used to
identify the thermodynamic properties of the prepared Fe-MG at a scan rate of 20 K
min! in Ar atmosphere. A Scanning Electron Microscope (SEM, FEI Quanta FEG250)
equipped with Energy Dispersive Spectrometer (EDS) was used to identify the
chemical composition of the as-prepared Fe-MG and observe the surface morphologies
of SS316L and Fe-MG after the electrochemical tests. X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi1) was employed to conduct surface analyses of
the Fe-MG after the immersion in Hank’s solution for 30 days. The XPS
characterization was conducted with mono Al Ka (1486.6 eV) radiation at a vacuum
pressure of 10 bar, 15 kV and 15 mA. The binding energy was calibrated using C 1s
hydro-carbon peak at 284.4 eV. The depth profile of the corroded Fe-MG surface was
obtained by in-situ XPS ion beam sputtering with Ar’. The Ar" etch rate was estimated

to be 0.08 nm s™! based on comparative measurements on SiOx.

2.4 Cytotoxicity evaluation



Murine fibroblast cells (NIH-3T3) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U mL'!
penicillin, and 100 ug mL™! streptomycin at 37 °C in a humidified atmosphere with 5%
CO:. The cytotoxicity test was performed by indirect contact. Extraction medium was
prepared using DMEM serum-free medium with a surface area/extraction medium ratio
of 1.25 cm? mL! in a humidified atmosphere with 5% COz at 37 °C for 72 h. After the
extracts were centrifuged, the supernatant was withdrawn and restored at 4 °C as the
culture medium. DMEM medium was used as a negative control and DMEM medium
+ 10% Dimethylsulfoxide (DMSQ) was set as a positive control. Cells were incubated
in 96-well cell culture plates at the density of approximately 5 x 10° cells per 100 pL
culture medium for 24 h and then replaced by 100 pL of extraction medium. After 1, 2
and 4 days’ incubation, the 96-well plates were observed under an optical microscope.
10 pL of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was
added to each well and the cells were cultured for 4 h in the incubator. Thereafter, 100
uL of formazan solubilization solution (10% sodium dodecyl sulfate in 0.01 M HCI)
was added to each well and restored in the incubator for more than 10 h. The spectro-
photometrical absorbance of the specimens was measured with a microplate reader

(Bio-RAD680) at 570 nm.

2.5 Hemolysis test

The hemolysis test was conducted under a strict protocol at Xiangya Hospital with the
beforehand ethics approval and guidance of the ethics committee. Healthy human blood
extracted from a volunteer (with 3.8 wt.% citric acid sodium as anticoagulant) was
diluted by physiological saline with a volume ratio of 4:5. SS316L and Fe-MG were
separately immersed in centrifugal tubes with 10 mL physiological saline at 37 °C for
30 min. Then, 0.2 ml of diluted blood was added to each centrifugal tube and the
mixtures were kept at 37 °C for 60 min. In the same way, a negative control group with
physiological saline solution and a positive group with deionized water were prepared.

Then, all the tubes were centrifuged at 3000 rpm for 5 min. Supernatant was transferred
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to a 96-well cell culture plates and the absorbance (AB) was determined by a microplate
reader at a wavelength of 545 nm. Hemolysis of samples was calculated by the

following equation [31]:

ABtest_ABnegative control % 100%

Hemolysis = Equation 2

positive control_ABnegative control

3. Results

3.1 Amorphous structure

Figure 1(a) shows the XRD patterns of Fe-MG. The typical amorphous features can be
confirmed by the absence of Bragg peaks representing crystalline structure, together
with the broad scattering signals from 40° to 50°. As shown in Figure 1(b), the prepared
Fe-MG has a smooth surface with no obvious crystal defects. EDS analyses were
randomly taken on ten places of the sample and a typical result is shown in Figure 1(c).
It can be seen that the actual composition of the prepared Fe-MG is very close to its
nominal composition. These results indicate that the as-prepared FesoCrigMo10Ca0Siz

metallic glass is homogeneous in nature and composed of a single glassy phase.

The glass structure of the Fe-MG was further confirmed by the DSC curves and shown
in Figure 1(d). At a heating rate of 20 K min™!, the as-prepared sample shows a clear
glass transition, followed by an extended supercooled liquid region and two exothermic
peaks for a two-stage crystallization process. The glass transition temperature (Ty),
onset crystallization temperature (Tx) and supercooled liquid value ATx (ATx=Tx-Ty)
obtained from the DSC curve were 870, 916 and 46 K, respectively. The wide
supercooled liquid region, i.e., the ATx value of 46 K, indicates the high GFA and

resistance to crystallization of the as-prepared Fe-MG [26].
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Figure 1. (a) XRD pattern, (b) SEM surface morphology, (c) a typical EDS analysis of

the chemical composition, and (d) DSC curves of the Fe-MG.

3.2 Corrosion behavior

Figure 2(a) shows the OCP as a function of immersion time obtained by exposing

SS316L and Fe-MG samples in Hank's solution. The potentials of both samples slightly

increased during the initial period (0-1000 s), indicating the growth of the passive oxide

film. The potentials then become rather steady until the end of the measurement, which

was resulted from a quite stable surface condition on both samples. The steady OCP of

Fe-MG is over 0.1 V while the corresponding value of SS316L is -0.17 V. The higher

OCP of Fe-MG indicates a more stable and noble surface oxide layer.
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Figure 2. Representative (a) OCP curves, EIS spectra (b) Nyquist diagram and (c)
Bode diagram, (d) potentiodynamic polarization curves of SS316L and Fe-MG in

Hank’s solution at 37 °C.

The impedance spectra for SS316L and Fe-MG samples after 7200 s’ immersion in
Hank’s solution are shown in Figure 2(b) and (c) as Nyquist and Bode diagrams,
respectively. Based on the Nyquist plot (Figure 2(b)), Fe-MG has a semicircle diameter
larger than that of SS316L, indicating a greater corrosion resistance [32]. In Bode
diagram (Figure 2(c)), both specimens have similar patterns, i.e., the impedance shows
a slope of about -1 as a capacitive behavior of the passive film in the low- and middle-
frequency range. Besides, Fe-MG has an absolute impedance value higher than SS316L
in the whole frequency range. For the phase angle, both specimens approach 0° at high
frequency as solution resistance; then remains around -80° in the middle-frequency
range as a typical passive film on the surface and its near capacitive response; in the
low frequency, the phase angle drops to a lower value due to the contribution of the

passive film resistance [33].
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Based on the above analyses, the Rs(QRp) model with one-time constant was applied to
describe the oxide film formed on the alloy surfaces during immersion in the simulated
body fluid. In this model, the element Q is a constant phase element (CPE) and fined
as Qcre=(C(jo)n)] !, where C is the capacitance of an ideal capacitor if n =1; j is the
current; ® is the frequency; n is the exponent of constant phase element and 0<n<l1
represents the deviation from an ideal capacitor [34]. Rs and R, represent the resistance
of the test electrolyte and the passive film, respectively [35]. The low chi-square ()?)
values prove that the simulated data is in good agreement with the experimental one.
Table 1 shows the parameters obtained from the fitting results. It is found that Fe-MG
presents higher R, and lower Q values than those of SS316L in Hank’s solution,
indicating that Fe-MG has higher impedance values and a more corrosion-resistant

oxide film than those of SS316L.

Table 1. Electrochemical impedance parameters obtained by Ry(QRp) model of the

equivalent circuits for SS316L and Fe-MG.

Ri(Qcm?) R, (10° Qcm?) Q (Q's"cm?) n e
0922 +
SS316L  3.15+0.02 1.26 +£0.15 2.463 £0.017 x 104 0.0077
0.002
0912+
Fe-MG 4.62 +0.08 3.94+0.09 3.452+0.021 x 10° 0.0025
0.001

Figure 2(d) presents the potentiodynamic polarization curves of SS316L and Fe-MG in
Hank’s solution at 37 °C. The corrosion potential (Ecor), pitting potential (Epi;) and
corrosion current density (Icorr) are estimated from these curves and shown in Table 2.
Both SS316L and Fe-MG exhibit a low corrosion current density (Icorr) in the order of
107 A ecm™2. The passivation region Epass is defined as Epass=Epit-Ecor and the
polarization curves of both specimens exhibit a stable passivation region. Yet Fe-MG
has a much higher E,it and wider passivation region Epass than SS316L, indicating the
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higher stability of the passive film formed on Fe-MG. Figure 3 shows the representative
SEM surface morphologies of SS316L and Fe-MG after potentiodynamic polarization
in Hank’s solution. Several pits appeared on the surface of SS316L with diameters of
100-200 pum. For Fe-MG, only small pits with diameters of several pm were observed,

indicating the higher resistance to pitting.

Table 2. The results of potentiodynamic parameters of SS316L and Fe-MG in Hank’s

solution.

Leorr (10-7 A cm‘z) Ecorr (V VS. SCE) Epit (V VS. SCE) Epass

SS316L 4.63 +£0.82 -0.253+£0.020  0.293+0.014 0.546
Fe-MG 2.39+0.32 -0.045 +0.011 1.072+0.017  1.027

Figure 3. SEM micrographs of (a) SS316L and (b) Fe-MG after potentiodynamic

polarization tests in Hank’s solution.

Metallic ion released into the body fluid is also an important aspect during the
biocompatibility evaluation of metallic implants. To further investigate the corrosion
behaviors of the specimens, static immersion tests of SS316L and Fe-MG were carried
out in Hank's solution at 37 °C and the released metallic ion was measured by ICP-MS
after 30 days (shown in Table 3). For SS316L, Fe, Cr and Ni ions were detected at the
level below 0.1 pg mL'!. For Fe-MG, only Fe ion was detected as a low concentration
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of 0.01 pg mL™!, possibly due to the fact that the concentration of other ions fell below
the detection limit. The more stable oxide passive film formed on Fe-MG may
contribute to the higher corrosion resistance and the inhibition of ion release, which

suggests its great potential in biomedical applications.

Table 3. The concentrations (ug mL™!) of ions released from SS316L and Fe-MG after

static immersion in Hank’s solution for 30 days.

Alloy Fe Cr Ni Mo
SS316L 0.06 0.01 0.02 -
Fe-MG 0.01 -- -- -

--: not detected.

To elucidate the microstructural characteristics and element distribution of the passive
film formed on Fe-MG, XPS analyses were performed on the specimen after 30 days’
immersion in Hank’s solution. The spectra of Fe 2p, Cr 2p, Mo 3d, Si 2p and O 1s for
the samples without Ar-ion sputtering are depicted in Figure 4. The survey spectra in
Figure 4 contains all the compositional elements and oxygen. As shown in Figure 4(b),
the Fe 2p spectrum is composed of two sets of doublet peaks corresponding to 2p1/2 and
2p3» peaks of metallic and oxide states. The detection of Fe’ peak (707.5 + 0.1 eV)
suggests the incorporation of metallic state Fe from the substrate and the thickness of
the passive film is at nano scale. The oxide states of iron are FeO (708.4 + 0.1 eV) and
Fe;Os3 (711. £ 0.3 eV). The peaks of Cr 2pi12 and Cr 2ps» in Figure 4(c) represent
metallic Cr (5§73.8 £ 0.1 eV), Cr203 (576.2 £ 0.1 eV) and Cr(OH); (577.2 = 0.2 eV).
For Mo 3d peaks, the spin-obit coupling of Mo 3ds» and Mo 3ds; leads to doublet, and
the details are shown in Figure 4(d), i.e., metallic state Mo® (227.6 £ 0.1 eV for 3ds,
and 227.6 £ 0.1 eV for 3ds»), Mo*" (229.3 £ 0.1 eV for 3ds;2 and 232.4 + 0.1 eV for
3d3) and Mo®" (232.5 + 0.1 eV for 3ds> and 235.6 + 0.1 eV for 3d3») [36]. The peak
intensity of metallic state Mo is relatively larger than that of the oxide states, indicating
the enrichment of metallic Mo under the passive film [37, 38]. Si 2p at 99.08 eV and
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101.48 eV proves that Si is not only in its elemental status Si’, but also in oxidized
status as SiOx. The O 1s peak at different binding energy positions indicates O is in its

metal oxides, OH™ and H,O states.
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Figure 4. XPS analyses of Fe-MG sample surface after 30 days’ immersion in Hank’s
solution: (a) whole survey spectra, (b) Fe 2p, (c) Cr 2p, (d) Mo 3d, (e) Si 2p, and (f) O
Is.

The concentration depth profiles of component elements in the passive films and
underlying substrate of the Fe-MG are shown in Figure 5. The C performs a similar

compositional variation trend except for its accumulation at the 0 nm position, which
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might be caused by carbon-containing contaminates. Clearly, during the immersion
period, the Fe-MG formed a bi-layer structure, including an outer Fe-rich oxide layer
and an inner Cr/Mo-rich oxide layer. Comparing with the nominal compositions of the
alloys, Si is slightly enriched in the passive films. The total thickness of the passive

oxide film was about 10 nm.
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Figure 5. Depth profiles of element concentration in the passive films formed on Fe-

MG after 30 days’ immersion in Hank’s solution.

3.3 Indirect cytotoxicity evaluation

An ideal candidate material for implantation should have minimum unintended
interference to the surrounding tissues. Figure 6(a) shows the results of MTT assay
using NIH 3T3 cells grown in SS316L and Fe-MG extracts 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 observed that both SS316L and
Fe-MG extracts exhibit good cell growth for the testing periods (1, 2 and 4 days) after
cell implantation with high viability of almost 100%. No significant difference in cell
viability was observed in analyzed materials in comparison with the negative control.

Based on ISO 10993-5:2009, the Fe-MG exhibits cytotoxicity of Grade 0-1 [39]. Figure
16



6(b) shows the NIH3T3 cell morphologies at each checking time. It can be seen that
cell number grows quickly during the 4-day culture period for all groups, and there is
no obvious difference between the negative and experimental groups. Most cells appear
elongated in a spindle shape and become longitudinally aligned at high cell densities.
As shown in Figure 6(c), the hemolysis ratios of SS316L and Fe-MG are all below 1%,

indicating excellent blood compatibility [40].
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Figure 6. (a) MTT results for indirect cytotoxicity tests for SS316L and Fe-MG
extracts using NIH3T3 cells, (b) NIH-3T3 cell morphologies after 1, 2 and 4 days’
culture in SS316L and Fe-MG extraction medium, (c) Hemolysis percentage of

SS316L and Fe-MG.
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4. Discussion

A good biomaterial for long-term implant service in human body should exhibit a
combination of good feasibility, processability, excellent corrosion resistance and
biocompatibility [41-43]. The following section will try to summarize the promising
application of Fe-MG as implant materials from fabrication, corrosion resistance and

cytotoxicity points of view.

4.1 Glass-forming ability (GFA)

The successful application of metallic glass greatly lies in its GFA, which is often
reflected by several empirical aspects, including multi-elements, large mismatch of
atomic size, and negative mixing heat among different elements [44]. The present Fe-
MG system meets the multi-element criteria with three types of alloying elements,
which are late transition metal (Fe), early transition metals (Cr, Mo) and metalloids (C,
Si). The atomic size of the constituent elements varies significantly and decreases in
the order of Mo > Cr > Fe > Si > C [45]. Besides, the mixing heats of atomic pairs Fe-
Cr/Mo, Fe-Si1/C, Ct/Mo-Si/C all have negative values within the range of -1 ~ -45 kJ
mol™! [46]. It is generally believed that these features can help suppress the nucleation
and growth of a crystalline phase and stabilize the supercooled liquid during the
formation process of amorphous structure. Thus, the Fe-Cr-Mo-C-Si metallic glass with
low nucleation probability, nearly non-crystal-growth reactions and low atomic
diffusivity could have a low liquidus temperature, leading to the high ATx value of 46
K and high GFA. These features provide the Fe-MG with a good processability.
Therefore, it can be easily fabricated to complex shapes by direct casting, and/or further
accurately processed by thermoplastic forming due to its wide temperature region as
glass state [47]. Thus, the Fe-MG should be suitable to be made for most of the

biomedical devices used both in vivo and in vitro.

4.2 Corrosion resistance and biocompatibility
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High corrosion resistance of bio-inert metallic materials is the key factor in ensuring
implant safety, which demands a very stable surface to survive the complex body fluid
environment [48]. SS316L has a long clinical history as bio-inert metallic material.
However, due to the aggressive attacks by CI” in the biological environments and the
presence of crystal defects (such as MnS inclusion, dislocation, grain boundary) [49],
SS316L frequently suffers from corrosion issues like pitting and the consequent release
of toxic ions (e.g., Ni**) with extended time [50, 51]. Based on the potentiodynamic
polarization curve in Figure 2(b), a rapid increase in the current density occurred at a
relatively low potential value (0.546 V as E,it) for SS316L, indicating its comparatively
higher tendency of pitting corrosion. On the contrary, the breakdown potential of Fe-
MG is about 1.027 V, indicating its high pitting resistance. Further, the lower corrosion
current density of Fe-MG proves its higher resistance to general corrosion than SS316L.
All these results showed that the Fe-MG possesses a stable passive fil, and high pitting

resistance, which would make them much safer than SS316 L when used in human body.

The improved resistance to both general and localized corrosion of the Fe-MG in this
study could be attributed to the amorphous nature and the formation of a stable oxide
passive film during the interaction with simulated body fluid. The metallic glass has a
homogenous amorphous microstructure and even distributions of elements. It also does
not contain crystal defects such as grain boundaries or precipitates, which might be
pitting initiation sites upon the exposure to fluids containing CI". Besides, metallic glass
has a single phase, which holds alloying elements in an equilibrium state beyond the
solubility limits. Such over-saturated structure could facilitate the selective oxidation
of easily passivating elements like Cr and Mo. Cr is the typical passivating element in
alloys and the corresponding chromium oxides/hydroxides have high stability and can
remain intact even after long-period immersion in human body fluid. Mo could further
improve corrosion resistance by incorporating the chromium oxides/hydroxides and
thereafter increase its stability [38, 52]. Alternatively, Mo may dissolve in the nearby

solution and then redeposit on the surface oxide to cover the active sites and prevents
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further corrosion [53]. Based on the XPS characterization in Figure 5, the corrosion-
inhibiting effect of Mo seems to be achieved by participating in the passive film growth
rather than the dissolution-redeposition mechanism, since no obvious accumulation of
Mo is found on the top oxide layer. While both SS316L and Fe-MG contain Cr and Mo,
the higher Mo content in Fe-MG as 10 at.% ensures the higher stability of the formed
passive film. What is more, the presence of metalloid elements (C and Si) is beneficial
to the kinetics of passivation and the optimization of passive film composition [54]. C
could accelerate the active dissolution before forming the passive film, thus resulting
in the accumulation of protective elements (Cr and Mo) in the passive film and the
improved corrosion resistance [22]. The XPS depth profile detects a slight enrichment
of oxidized Si in the passive film, which is known to act as a barrier and keep the

metallic components from dissolution.

The stable oxide film formed on Fe-MG is also beneficial to good biocompatibility,
which is mainly determined by the chemical state of the passive film and the
concentration of released ions during the interaction with body fluids. In general, if a
large number of ions are released within a short period of time due to severe corrosion
of the metallic implants, it could potentially change the redox state of the cells and
disturb the protein from normal functioning [55-58], i.e., leading to cellular toxicity.
The formation of a stable surface oxide film could reduce ion release and maintain the
biological safety of implant materials. The Fe-MG shows better corrosion resistance
and a more stable passive oxide film. Therefore, it can be a more promising candidate
material for implants. Besides, the Fe-MG does not contain toxic elements like Ni, B,

Be, and Y, which will be safer than conventional materials.

Due to the good corrosion resistance, several Fe-Cr-Mo metallic glasses, including Fe-
Cr-Mo-Co-C-B-Y [23], Fe-Cr-Mo-P-C [26] and Fe-Cr-Mo-B-C-Nb [59], have been
developed as promising biomedical materials to replace SS316L. Table 4 presents a

detailed summary of these Fe-based metallic glasses and the corrosion rates are
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calculated based on Equation 1. Comparing with previously developed systems, the Fe-
MG in the current study has a high corrosion potential, low corrosion current and
corrosion rate, indicating its high corrosion resistance. Besides, the absence of rare earth
elements (Y, Er) or other possible toxic elements like B further reduces its potential
hazard to implanted host from a long-term point of view. Further long-term in vitro and
in vivo tests could be carried out to confirm its excellent biocompatibility and

controllable release of ions.

Table 4. Comparison of in vitro corrosion properties of biomedical Fe-based metallic

glass in Hank’s or Ringer’s solution.

. ) Ecorr Lo (X107 A Corr. rate
Composition (at.%) Solution Ref.
(mV) cm?) (umy")
F655CI‘18M07B]6C4 -169 2466 287
F652CI‘18M07Bl6C4Nb3 Ringer’s -45 1.995 2.3 [24]
F651C1‘18M07Bl6C4Nb4 122 0.380 04
Fe5ocr]0MO]0P13C7 -317i13 492i018 5.7
FessCrao)MosP3C7 Hank’s -306£15 2.65+0.13 3.1 [26]
FesoCro)MooP13C7 -309+17 3.79+0.10 4.4
Fe41Co7CrisMo14Ci5B6 Y2 Hank’s -269+12 2.376+0.532 2.8 [23]
Fe32Ni36CI‘|4P12'B6 Hank’s -176 184 17.5 [6()]
F667C018B14SII -697 620 59.2
Fe41C07Cr1sMo014C15B6 Y2 -270+10 2.34+0.53 2.7
(Fe44CI'5C05M013MI111C1(,B6)93Y2 Hank’s -230+30 2.880+1.19 3.3 [61]
Fe4sCr1sMo14Ci5B6Er2 -300+70 0.90+0.17 1.0
Fe77MosPoC75B1.s composite Hank’s 910 46.8 49 [62]
. Current
FesoCrigMo19Ca0Sia Hank’s 45+11 2.39+0.32 3.9
study

5. Conclusions

In the current study, a novel Fe-based metallic glass FesoCrisMo10C20Si2 has been
prepared with a homogeneous amorphous structure and high GFA. With higher pitting
potential, lower corrosion current density and higher impedance in the simulated body
fluid, FesoCrisMo10C20Si2 metallic glass exhibit higher corrosion resistance than

SS316L. The passive film is composed of Fe-rich outer layer and Cr-Mo-rich oxide
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inner layer. Besides, the good cellular response and blood compatibility of
FesoCrisMo10C20Si> metallic glass could be attributed to the protective effect of the
passive film, which can successfully prevent the metal ions from releasing into the
simulated body fluid. Compared with other Fe-based metallic glass, the
FesoCrisMo10C20Si12 has no toxic elements and high corrosion resistance, indicating its

promising application in the biomedical field.
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