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In  this  study,  the  bio-electrochemical  response  of the  Ti–Zr–Si  thin  film  metallic  glasses  (TFMGs)  in
simulated  body  fluid  with  different  contents  of titanium  is measured  via  potentiostat.  According  to  the
results  of  bio-corrosion  potential  and  current,  as  well  as  the  polarization  resistance,  it  is  concluded  that
the  Ti66Zr25Si9 TFMGs  possess  the highest  bio-electrochemical  resistance.  With  increasing  content  of
titanium,  the  corrosion  resistance  becomes  progressively  higher.  The  passive  current  results  reveal  that
amorphous  alloys  can  form  a more  protective  and  denser  passive  film  on the  metallic  glass  surface  than
eywords:
i
etallic glass

iomaterials
lectrochemical
orrosion

the  crystalline  materials.  In addition,  the mechanical  performance  of  the Ti–Zr–Si  TFMGs  is  better  than
the  crystalline  counterparts.  As  a  result,  the Ti-based  TFMGs  are  considered  to  be  potential  materials  for
bio-coating  applications.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

There have been numerous crystalline metallic alloys developed
o far, showing acceptable in vitro and in vivo biocompatibil-
ty response, along with chemical and mechanical stability. These
nclude Ti-based, stainless-steel-based, Ta-based, Co-based, etc.
1–6]. While the matrix elements such as Ti and Ta are highly
io-friendly for long-termed implant in human body, the incor-
orated secondary or trace elements, such as Ni, Cu, Al, or even Be,
re frequently related to toxic, allergic or carcinogenic unwanted
ymptoms. Also, most of the crystalline bio-friendly alloys tend to
ossess an elastic modulus much higher than the human bone,
otentially inducing stress shielding problems. If the crystalline
lloys are fabricated into porous foams, this can be solved, but the
esulting tensile or compressive strength of such foams tends to be
ower than expectation. Thus, it is always of need to develop new

etallic materials with lower modulus but higher strength.
Metallic glasses, or amorphous metals/alloys, are another cate-

ory of metallic materials, characteristic of lower elastic modulus

due to the random atomic packing and the presence of free vol-
me) but much higher strength (due to the absence of lattice defects
uch as dislocations or stacking faults). These characteristics, which

∗ Corresponding author. Tel.: +886 7 525 4070; fax: +886 7 525 4099.
E-mail address: jacobc@mail.nsysu.edu.tw (J.C. Huang).

ttp://dx.doi.org/10.1016/j.apsusc.2014.09.204
169-4332/© 2014 Elsevier B.V. All rights reserved.
are in opposite direction with respect to the crystalline counter-
parts, can be attractive for the bio-implant purpose.

For bio-friendly concerns, there have been a number of bulk
metallic glasses (BMG) [7–14], thin film metallic glasses (TFMGs)
[15,16], or porous metallic glass foams (PMGFs) [17–19] developed
and studied. Ti-based MGs  have also been researched. These include
Ti–Cu–Ni [7], Ti–Cu–Ni–Co [8], Ti–Cu–Ni–Zr [9], Ti–Cu–Ni–Zr–Sn
[10], Ti–Cu–Ni–Sn–B–Si [11], Ti–Cu–Ni–Zr–Be [12], etc. Some of
the unfavorable elements are sometimes still added in such metal-
lic glasses to improve the glass forming ability (GFA), including Ni,
Cu, Al, and Be. For common Ti based, stainless steel based, or Co
based crystalline alloys, Ni, Cu and Be are not typically added. But
for amorphous metallic glasses, Cu, Ni or Be are almost universally
added to improve their glass forming ability, taking advantages of
the smaller atomic sizes of Cu or Be to randomize the atomic pack-
ing. Toxic-element-free metallic glasses have also been proposed,
mostly in the form of rapid-cast rods or melt-spun ribbons. For
example, from 2007, Inoue’s group developed the Ni-free Ti-based
metallic glasses such as the Ti–Zr–Cu–Pd and Ti–Zr–Cu–Pd–Sn
BMGs [13,14] which exhibited good corrosion resistance, high
strength and good glass-forming ability. In the same year, Zhu
et al. [20] and Qin et al. [13] investigated Ti-based BMGs with-

out any toxic elements. In 2013, Mariana et al. [21] developed
the two  Ti-based amorphous bulk alloys which are Ti–Zr–Si and
Ti–Zr–Nb–Si. With the addition of Nb, Ti–Zr–Nb–Si exhibits the
better bio-corrosion resistance than Ti–Zr–Si.

dx.doi.org/10.1016/j.apsusc.2014.09.204
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2014.09.204&domain=pdf
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In contrast to the Ti-based BMGs, there have been very limited
eports on the TFMGs with no unwanted element for bio-implant.
n this study, we  report, for the first time, a series of Ti–Zr–Si based
FMGs. The mutual heat of mixing for Ti–Zr, Zr–Si and Ti–Si is either
ear zero or negative (being 0, −84 and −66 kJ/mol, respectively),
nd the atomic radius of Ti, Zr and Si is ∼1.48, 1.60 and 1.10 Å,
aking this Ti–Zr–Si ternary system possible to form amorphous

tructure, especially under the more ‘violent’ sputtering deposition
rocess. Their promising biocompatibility and mechanical proper-
ies are presented and discussed in this paper.

. Experimental procedures

For TFMGs, the Zr43Ti43Si14 (in at%) alloy target and pure Ti tar-
et, 50.8 mm in diameter and purchased from Well Being Enterprise
ompany, Taiwan, were used for the magnetic sputtering depo-
ition. The purity levels of the alloy and Ti sputtering targets are
9.7% and 99.95%, respectively. The polished pure Ti sheet, with
he area size of 10 × 10 mm2, was used as substrate. Both targets
re placed on the DC cathodes. A rotary pump was  used to achieve
ediate vacuum, and a cryo-pump was used to achieve a base

ressure below 5 × 10−7 Torr. After achieving the base pressure, Ar
as introduced into the chamber, and targets were pre-sputtered

y inserting a movable shutter for 5 min, maintaining a working
ressure of 3 × 10−3 Torr. By adjusting the powers of the two  DC
athodes, three Ti-based TFMGs can be prepared. Pure Ti films are
lso prepared for comparison. All films were deposited to a thick-
ess about 600 nm,  as measured by the 3D alpha-step profilometer.

The nature of the as-deposited Ti–Zr–Si and pure Ti thin films
as examined by X-ray diffraction (XRD), with a monochromatic
u-K� radiation (� = 1.5406 Å), worked at 40 kV and 30 mA,  and
quipped with 0.02 mm graphite monochrometer, was employed.
he scanning range of diffraction angle is from 20◦ to 60◦ with
.1 steps for 4 s. The JEOL JSM-6330 scanning electron microscopy
SEM), with energy dispersive spectrometry (EDS), is applied to
eveal the microstructure, morphology and chemical composition
f the resulting films. The average roughness (Ra) was measured
y atomic force microscopy (AFM). The JEOL JPS-9010MX X-ray
hotoemission spectroscopy (XPS), using mono Mg-K� radiation
t vacuum pressure of ∼10−9 Torr, 10 kV, and 5 mA,  is adopted to
nalyze the surface composition of the thin film after the immer-
ion test under simulation body-fluid (SBF) for seven days. The
inding energy was calibrated using the C-ls hydrocarbon peak at
84.2 eV. For the basic mechanical properties, the thin films were

nvestigated by MTS  nanoindenter XP device under the continuous
tiffness measurement (CSM) mode with strain rate of 0.01 s−1. To
revent from the substrate effect, the indented depth has to be less
han 10% of the film thickness, or about 60 nm.

The electrochemical behavior and bio-corrosion properties of
he Ti–Zr–Si TFMGs in 40 mL  simulated body fluid (SBF or Hank’s
olution, pH: 6.5) at 37 ◦C were tested by electrochemical polar-
zation measurements which were conducted by a CHI 614D
lectrochemical work station in a three electrodes cell. The counter
nd reference electrode are platinum wire and Ag/AgCl, and spec-
mens were used to be a working electrode with an immersion
rea of about 0.36 cm2. The state of electrochemical surround-
ng with specimens has to be steady in SBF until the open-circuit
otential (OCP) changed by no more than 2 mV/10 min  before the
otentiodynamic polarization measurements and maintained up to
2,500 s. The anodic polarization scan is measured from −1 V to 2 V
ith a scan rate 0.3 mV/s. The corrosion current density (Icorr), cor-
osion potential (Ecorr) and corrosion rate can be determined by the
afel extrapolation method from the anodic polarization plots. The
lectrochemical impedance spectroscopy technique (EIS) is pre-
ormed to investigate the property of passive film formed on the
2θθ (de re e)g

Fig. 1. The XRD patterns of the three TiZrSi as-deposited thin films.

surface of the Ti–Zr–Si films. The impedance spectra were acquired
in the frequency range of 10−2–105 Hz, and the potential amplitude
was set to 0.01 V in open circuit potential. To ensure that the elec-
trochemical testing system is indeed under the steady state, it is
necessary to let the samples be immersed in the SBF for 12,500 s
(the open circuit potential changed by no more than 2 mV/10 min)
before the EIS test.

3. Results and discussion

3.1. Basic film property characterization

Five sputtered thin films were successfully prepared by careful
adjustment of the cathode powers. The resulting chemical compo-
sition of each film was measured by SEM/EDS for multiple times,
and was  determined to be Ti47Zr41Si12, Ti58Zr33Si9, Ti66Zr25Si9,
Ti75Zr19Si6 and pure Ti with increasing Ti target power. The compo-
sition is seen to be quite uniform over the film area; composition
scattering was  all within ±1 at% Then thin film specimens were
investigated by XRD, as demonstrated in Fig. 1. Three of them show
diffuse hump characteristic of the amorphous structure nature in
Fig. 1(a). This is not surprising since sputtering usually yields a
wider composition window to result in amorphous metallic glass
films. The fully amorphous nature of the three films, Ti47Zr41Si12,
Ti58Zr33Si9, Ti66Zr25Si9, has also been confirmed by detailed trans-
mission electron microscopy (not shown). The Ti–Zr based TFMGs
are seen to be much easier to form fully amorphous phase by sput-
tering, as compared with suction rapid quenching.

When the Ti content reached 75 at% the diffuse hump is super-
imposed with a sharper peak at 2� ∼37◦ which can be indexed
by the (0 0 0 2) peak of the hexagonal close-packed (HCP) � phase
in Fig. 1(b). Materials of the amorphous metallic glassy matrix
with embedded nanocrystalline particles are generally termed as
thin film metallic glass composites (TFMGCs). The composition
of about Ti80Zr20 (in at%) as measured by EDS. Ti and Zr are

mutually completely soluble, forming a isomorphous phase dia-
gram. With the incorporation of a larger sized Zr atoms (atomic
radius of Zr∼0.160 nm)  into the Ti HCP lattice (atomic radius of
Ti∼0.148 nm), the c-constant become larger to a value of 0.477 nm
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As compared in Table 1, the corrosion current densities,
Icorr, of Ti47Zr41Si12, Ti58Zr33Si9, Ti66Zr25Si9, Ti75Zr19Si6 and
pure Ti are 16.4 × 10−8, 8.6 × 10−8, 8.1 × 10−8, 29.6 × 10−8 and
31.9 × 10−8 A/cm2, respectively. The Icorr readings of the TFMG films
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Fig. 2. SEM/SEI images of the sputtered thin films: (a) the fu

rom the c-constant of 0.468 nm for pure Ti. Thus the (0 0 0 2) XRD
� peak for the Ti75Zr19Si6 film is slightly shifted to a smaller 2�
osition of ∼37◦. For the pure Ti film, the (0 0 0 2) 2� peak is located
t the ∼38◦, as expected. Note that the HCP Ti lattice for deposited
hin films tends to possess very strong basal plane texture, thus
nly one (0 0 0 2) peak can be seen in Fig. 1(b).

The size of the nanocrystalline Ti or Ti(Zr) � phase was estimated
y the simple Scherrer equation [22], without the consideration of
esidual stress term. Multiple measurements have been conducted
n the dominant Ti or Ti(Zr) (0 0 0 2) peak. The results reveal that the
-phase particle size is only around 3 ± 1 nm for the as-deposited
i75Zr19Si6 film and 70 ± 30 nm for the pure Ti film.

The quality of the thin films is a factor of corrosion resistant.
herefore, the surface morphology of thin films was examined
y SEM and AFM. Examples are presented in Fig. 2. Basically,
he surfaces of the as-sputtered fully amorphous Ti–Zr–Si thin
lms are quite smooth and featureless without grain boundaries,
ith the roughness Ra reading around 1 nm, much lower than

he average roughness about 2 nm for the partially amorphous
i75Zr19Si6 TFMGC film or about 3–5 nm for the crystalline pure
i. The morphology and the roughness of thin films with an amor-
hous structure are typically smoother than those of the crystalline
ounterparts. The smooth and uniform film quality is considered to
e benefit for corrosion resistance.

For biomedical applications, both the biocompatibility and
echanical properties are of concern. Nanoindentation is perfect

o extract the mechanical and wear behavior. Table 1 lists the mea-
ured data on the as-sputtered Ti–Zr–Si thin films. The modulus
atum E on these four TFMGs or TFMGCs, Ti47Zr41Si12, Ti58Zr33Si9,
i66Zr25Si9 and Ti75Zr19Si6, is 109, 115, 116 and 110 GPa, respec-
ively, all lower than the 135 GPa for crystalline pure Ti. The
morphous random atomic structure with free volume does result
n lower moduli. The nano-scaled hardness reading H of the
i47Zr41Si12, Ti58Zr33Si9, Ti66Zr25Si9 and Ti75Zr19Si6 films is 5.2, 5.3,
.2 and 4.8 GPa, respectively, all much higher than the ∼2.0 GPa
or crystalline pure Ti. The absence of dislocations, staking faults
r twins would substantially increase the material hardness (and
trength). In general, materials with higher hardness would be gen-
rally inherent with higher wear resistance Wr, as expressed by
r = H/E [23–25]. As the result, the current Ti-based TFMGs possess

ower modulus but higher hardness/wear/strength natures, more
romising than pure Ti in terms of their mechanical performance.
ecently, Abdi et al. [26] have also reported that the high Ti-content
i75Zr10Si15 ribbons or rods with nanocrystalline �-Ti possess very
igh hardness, implying high wear resistance. In comparison, the
urrent sputtered T75Zr19Si6 thin film with nanrocrystalline �-Ti

ossesses lower hardness (4.8 GPa) than the much higher hardness
8.98–12.2 GPa) for the rapidly quenched Ti75Zr10Si15 amorphous
ibbons and rods with nanrocrystalline �-Ti, presumably due to
he lower hardness of �-Ti than �-Ti [27]. It is interesting to
orphous Ti66Zr25Si9 film, and (b) the crystalline pure Ti film.

systematically study the wear performance for all these Ti–Zr–Si
coating films. Detailed characterization in terms of wear and adhe-
sion testing of the sputtered films will be presented elsewhere.

3.2. Biocompatibility response

Before the starting potentiodynamic polarization test, the open
circuit potential (OCP) measurements for all the five materials in
SBF at 37 ◦C show the initial low potentials, being very slightly
increasing to nobler potential with increasing immersion time up
to 11,000 s. This suggests that, firstly, all of the Ti-based TFMGs and
pure Ti were spontaneously oxidized in SBF, and, secondly, the pas-
sive oxide films would gradually become thickened [28]. There is
no markedly fluctuation in the curves of Ti47Zr41Si12, Ti58Zr33Si9,
Ti66Zr25Si9, Ti75Zr19Si6 and pure Ti over the time period of exami-
nation, implying the stable protective oxide films, as revealed later
by the XPS results.

The potentiodynamic polarization Tafel curves in Fig. 3 and the
data in Table 1 indicate that the Ecorr would increase with increasing
Ti content, from −0.53 to −0.32 V, approaching to the −0.32 V for
the pure Ti. The normal human cell membrane environment has a
potential of +0.08 V, thus all the four TFMGs and pure Ti cannot pre-
vent from oxidation; or the formation of oxide layers is inevitable.
For the Ti based metals, forming the TiO2 oxide layer is not a neg-
ative issue. It is the severe pitting corrosion that would matter. In
Fig. 3, there is no sign of pitting for all of four films, or the Epit
would be all over +2.0 V (Table 1). The stable potential regime with
stable oxide layers without pitting, �E  (=Epit – Ecorr), for these four
Ti-based materials are all over 2.0 V (Table 1). The bio-corrosion
potentials of the current Ti–Zr–Si TFMGs all pass the in vitro testing.
-1.0 -0.5 0. 0 0.5 1.0 1.5 2.0
Potential  (V)

Fig. 3. Comparison of the Tafel potentiodynamic polarization curves of the pure Ti
and the Ti–Zr–Si TFMGs in SBF at 37◦C.
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Table 1
The Young’s modulus and hardness (extracted from nano-indentation), electrochemical parameters, corrosion current density (Icorr), corrosion potential (Ecorr) and corrosion
resistance (Rp), obtained from the potentiodynamic polarization curves of pure Ti and the Ti–Zr–Si as-deposited thin films at 37 ◦C in SBF. The electrochemical parameters
are  presented by the mean values with the standard errors and all the specimens are tested at least three times for the reproducibility. For the pitting voltage, we do not see
any  pitting up to the level of 2 V, thus Epit should all be greater than 2 V.

Ti47Zr41Si12 Ti58Zr33Si9 Ti66Zr25Si9 Ti75Zr19Si6 Ti

Young’s modulus E (GPa) 109 ± 5 115 ± 4 116 ± 5 110 ± 5 135 ± 6
Hardness H (GPa) 5.2 ± 0.2 5.3 ± 0.3 6.2 ± 0.2 4.8 ± 0.1 2.0 ± 0.1
Ecorr (V) −0.53 ± 0.01 −0.50 ± 0.01 −0.46 ± 0.02 −0.37 ± 0.02 −0.32 ± 0.01
Epit (V) >2.0 >2.0 >2.0 >2/0 >2.0
�E  (V) >2.0 >2.0 >2.0 >2.0 >2.0
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would induce preferential corrosion, lowering the corrosion resis-
tance, as evident from the rapid increase of Icorr and Ipass and the
sudden decrease of Rp in Table 1. With further increase of Ti to the
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Icorr (10 A/cm ) 16.4 ± 2.5 8.6 ± 0.3
Ipass (10−8 A/cm2) 2070 ± 86 420 ± 18
Rp (105 � cm2) 3.80 ± 2.96 5.56 ± 1.73 

ere all lower than crystalline pure Ti, particularly for Ti66Zr25Si9
only 1/4 of the corrosion reaction current), indicating that the
morphous Ti66Zr25Si19 film would form denser and more protec-
ive films in SBF. Meanwhile, the passive current densities, Ipass, in
able 1 of the TFMGs are also basically lower than that of pure Ti,
uggesting the more stable and more protective oxide layers in the
i–Zr–Si films. This is supported by the XPS results below. Overall,
he current density Icorr and Ipass measurements ensure that the
our Ti–Zr–Si TFMGs/TFMGCs can all easily pass the in vitro testing.

With the denser, more stable and more protective oxide lay-
rs on the Ti–Zr–Si TFMGs, the electrochemical AC impedance of
he TFMGs should be higher than that of pure Ti. This can be justi-
ed by the so-called Nyquist plot to illustrate the electrochemical

mpedance spectra (EIS) for evaluating the polarization resistance
Rp). Fig. 4 shows the fitted data via the Nyquist plot for the Ti–Zr–Si
FMGs and pure Ti. The larger diameter of the semi-circle means
he better bio-corrosion resistance. It obviously shows that the
ully amorphous Ti66Zr25Si9 TFMG possesses the best corrosion
esistance. The Rp reading is 5.70 × 105 � for the fully amor-
hous Ti66Zr25Si9, 5.56 × 105 � for Ti58Zr33Si9, 3.80 × 105 � for
i47Zr41Si12, 3.78 × 105 � for the partially crystallized Ti75Zr19Si6,
ll greater than the 3.73 × 105 � for crystalline pure Ti, as also com-
ared in Table 1. Even with some nano-particles in the Ti75Zr19Si6
omposite film, its Rp value of 3.78 × 105 � for is still slightly
igher than the 3.73 × 105 � for pure Ti. The Rp impedance value of
i66Zr25Si9 is 1.5 times of that of pure Ti, suggesting that the amor-
hous Ti66Zr25Si9 thin film is apparently more promising than pure
i in terms of bio-corrosion resistance in SBF.

The above results consistently reveal that, among the three fully
morphous films, the fully amorphous Ti66Zr25Si9 film possesses
he best performance, with the highest hardness, highest Ecorr, low-
st Icorr and Ipass, as well as the highest Rp. Since these three are

ll fully amorphous films with similar atomic structure and surface
oughness, it is postulated that the composition would result in this
io-corrosion difference. With increasing Ti content in the three
ully amorphous films, the TiO2 oxide layer on the surface would
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ig. 4. Comparison of the EIS AC impedance testing for pure Ti and the Ti–Zr–Si
FMGs in SBF at 37◦C.
8.1 ± 1.8 29.6 ± 1.6 31.9 ± 0.8
550 ± 40 1690 ± 14 2060 ± 77
5.70 ± 1.94 3.78 ± 1.33 3.73 ± 2.45

obviously be thicker in the Ti66Zr25Si9 film (as supported by the
XPS results presented below). The thicker oxide layer can provide
stronger protection, resulting in higher Ecorr and Rp and lower Icorr

and Ipass, all characteristic of higher corrosion resistance.
But with further increase in Ti content from 66 at% to 75 at% or

even to 100 at%, the nanocrystalline HCP �-Ti phase would appear.
The interfaces between the �-Ti nanocrystalline particles and the
amorphous matrix in the partially crystallized Ti75Zr19Si6 film
186 18 4 18 2 180 17 8 17 6
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te
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(c)

Fig. 5. The XPS spectra of the Ti–Zr–Si TFMGs surfaces for the peaks of (a) Ti2p, (b)
Zr3d, and (c) Si2p.
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00 at% pure Ti, the film contain nanocrystalline HCP �-Ti grains,
ith a grain size about 70 nm.  The numerous grain boundaries

n this pure Ti film, also coupled with higher surface roughness,
ould be inherent with even higher readings of Icorr and Ipass and

n even lower reading of Rp as listed in Table 1. The overall bio-
orrosion resistance trend of the current five sputtered films reveals
n increasing resistance from the fully amorphous Ti47Zr41Si12,
i58Zr33Si9 to Ti66Zr25Si9 films, and then decreasing resistance in
i75Zr19Si6 and further decrease in pure Ti. The optimum is located
t the Ti66Zr25Si9 fully amorphous film.

It is always of interest to explore what the corrosion product
ayers would form in the current Ti–Zr–Si TFMGs in SBF. Fig. 5
resents the XPS spectra, clearly showing the two dominant TiO2
nd ZrO2 oxide layers, along with minor SiO2, on the film sur-
aces (to the inner depth about ∼2 nm)  after immersion in SBF
or seven days. Note that the Ti-2p mixed peaks represent TiO2
with Ti-2p3/2 at 458.1–458.8 eV and Ti-2p1/2 at 464.0–464.5 eV).
he Zr-3d peak consists of two peaks both originated from ZrO2
with Zr-3d5/2 at 182.0–182.3 eV and Zr-3d3/2 at 184.4–185.0 eV).
nd the Si-2p peak located at 101.4–102.3 eV corresponds to SiO2.
rom Fig. 5(a), it can be seen that with increasing Ti content, the
iO2 layer becomes thicker and denser, showing a higher Ti-2p
eak. Our results are similar to the report by Kawashima et al. [29].
heir XPS results revealed that the Zr-based metallic glasses with
igher Zr contents would form a higher concentration of Zr oxides

n improving the corrosion resistance. For pure Ti film, there is only
iO2 layer, but the four Ti–Zr–Si TFMGs would form TiO2, ZrO2 and
iO2 compound oxide layers, upgrading the stability and protec-
ion nature in SBF. This might be another superior aspect of the
i–Zr–Si TFMGs for bio-response. Note that the partially crystal-
ized Ti75Zr19Si6 film still possess the higher TiO2 peak in Fig. 5(a),
ut the preferential corrosion along the interfaces between the
-Ti nano-crystalline particles and the amorphous matrix would

mpose a negative effect. Partial crystallization of the TFMGs will
owngrade the bio-corrosion resistance.

. Conclusions

In summary, the bio-friendly Ti–Zr–Si TFMGs are for the first
ime systematically examined by the bio-electrochemical testing.
he following conclusions can be drawn.

1) The sputtered Ti–Zr–Si TFMGs possess flatter, more uniform
and higher quality surface morphology than the crystalline
counterparts, with much lower roughness in the level of
∼1 nm,  highly favorable for subsequent biocompatibility and
bio-corrosion testing.

2) The Ti–Zr–Si TFMGs possess lower modulus but higher hard-
ness (or strength or wear resistance) than pure Ti, more
favorable in matching the modulus and strength of human
bone.

3) Based on the XPS results, the surfaces of the Ti–Zr–Si TFMGs
appear to contain denser TiO2, ZrO2 and SiO2 compound oxide
layers. With increasing Ti content in the Ti–Zr–Si TFMGs, the
protective TiO2 layer seems to be thicker and denser. The
compound protective layers in TFMGs would provide higher
protection as compared with the TiO2 in pure Ti film.

4) All of the critical parameters, such as Ecorr, Ecorr, �E, Icorr, Ipass

and Rp, extracted from the potentiodynamic polarization Tafel
curves, the time-dependent open circuit potential (OCP) mea-

surements, and EIS polarization resistance testing reveal that
the Ti–Zr–Si TFMGs are either compatible or even superior to
pure Ti, especially for the higher-Ti-content Ti66Zr25Si9 fully
amorphous film.

[

ience 322 (2014) 41–46 45

(5) The preferential corrosion along the interfaces between the �-
Ti nano-crystalline particles and the amorphous matrix in the
partially crystallized Ti75Zr19Si6 film, or along the numerous
grain boundaries in the nanocrystalline pure Ti film, would
impose negative consequence. Partial crystallization of the
TFMGs will downgrade the bio-corrosion resistance.

(6) The overall bio-corrosion resistance trend of the current five
sputtered films reveals an increasing resistance from the fully
amorphous Ti47Zr41Si12, Ti58Zr33Si9 to Ti66Zr25Si9 films, and
then decreasing resistance in Ti75Zr19Si6 and further decrease
in pure Ti. The optimum is located at the Ti66Zr25Si9 fully
amorphous film. Because Ti is a corrosion-resistant and eas-
ily oxidized element, the corrosion resistance of amorphous
Ti–Zr–Si thin films in SBF can be related to the increasing
Ti content. Nevertheless, when the Ti content is too high
(∼75 at%), the corrosion resistance would be reduced due to
high electrochemical activity sites at the interfaces between
the nanocrystalline phases and amorphous matrix. Therefore,
increasing the Ti content but maintaining the amorphous struc-
ture becomes the key factor for improving the bio-corrosion
behavior of the Ti–Zr–Si thin films.

(7) Judging from all of the above bio-corrosion and mechanical
aspects, the developed Ti–Zr–Si amorphous films are consid-
ered to be highly promising coating biomaterials.
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