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Abstract

39 Glass-forming Ti-based alloys are considered as potential new materials for implant applications.

41 Ti757Zr1051;5 and TigoZr;oNb;sS1;5_alloys (free of cytotoxic elements) can be produced as melt-

spun ribbons with glassy matrix and embedded single B-type nanocrystals. The corrosion and

46 passivation behavior of these alloys in their homogenized melt-spun states have been
48 investigated in Ringer solution at 37°C in comparison to their cast multiphase crystalline

51 counterparts and to cp-Ti and B-type Ti-40Nb. All tested materials showed very low corrosion

53 rates as expressed in corrosion current densities i.or <50 nA/cm?2. Electrochemical and surface

analytical studies revealed a high stability of the new alloys passive states in a wide potential

58 range. This corresponds to low passive current densities iy, = 2+1 pA/cm? based on the growth
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of oxide films with thickness d <10 nm. A homogeneous constituent distribution in the melt-spun

alloys is beneficial for stable surface passivity. The addition of Nb does not only improve the
glass-forming ability and the mechanical properties but also supports a high pitting resistance

even at extreme anodic polarization up to 4V vs. SCE were oxide thickness values of d~35 nm

are reached. With regard to the corrosion properties, the Nb-containing nearly single-phase

glassy alloy can compete with the B-type Ti-40Nb alloy. SBF tests confirmed the ability for

formation of hydroxyapatite on the melt-spun alloy surfaces. All these properties recommend the

new glass-forming alloys for application as wear- and corrosion-resistant coating materials for

implants.

Keywords. : Ti alloy, metallic glass, implant, corrosion, XPS, AES, Ringer solution
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1. Introduction

Since the middle of the 20" century, Ti and Ti-based alloys have been considered as non-
degradable implant materials for load-bearing applications, such as hard tissue replacements
and bone fracture healing. Meanwhile, cp-Ti and (a + B)-type Ti-6Al-4V are widely used and
developed due to their very good biomechanical properties, appropriate corrosion resistance
and biocompatibility in comparison with other materials such as stainless steel and Co-Cr
alloys [1,2]. However, in practice also several problems were identified like low wear
resistance, too high stiffness and limited strength as well as releases of toxic elements (Al, V)

in biological environments which explain the need for new alloy developments [1,3].
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Page 2 of 41



Page 3 of 41

©CoO~NOUTA,WNPE

Journal of Biomedical Materials Research: Part B - Applied Biomaterials

A new generation of prospective implant materials with improved properties are B-type Ti-
based alloys with significantly reduced elastic modulus (Young’s modulus), which are
composed only of non-toxic elements [4]. A typical example is the metastable Ti-Nb alloy
system with minimum Young’s modulus values of ~60-65 GPa at 40-50 wt.-% Nb, strength
values up to 1000 MPa and very high corrosion resistance explained by a significant fraction

of Nb oxides in the spontaneously forming passive film [5-7].

Besides that, Ti-based metallic glass-forming alloys are also attracting increasing interest
as potential biomaterials as they exhibit superior mechanical properties relative to their
crystalline counterparts and to conventional Ti-based materials such as very high strength
(1800-2500 MPa), relatively low Young’s modulus values (80-110 GPa), low density and
higher wear resistance [8-13]. Typical alloy systems with bulk glass-forming ability are for
example TigZr;oCuscPd;4 with max. cast rod diameter of 6 mm [14] or TisZr,sCui;NizBey

with max. cast rod diameter of 14 mm [15].

However, biomedical application of these alloys is restricted by the presence of cytotoxic
or allergic elements such as Al, Ni, Be and Cu [16,17] in their composition which could be
released as ions or metal particles from metal implants into the body tissue. This release
could take place through procedures such as corrosion (stress corrosion, fatigue corrosion) or
wear processes [18]. Therefore, not only the life-time of an implant depends on the corrosion
resistance of the metallic material but also, the corrosion products releasing to the
surrounding tissues may result in biocompatibility problems, i.e. affect cell metabolism [19-
21]. Consequently, with regard to corrosion stability and related metal ion release, the use of
non-toxic elements which support stable passivity must have priority in the development of

new glass-forming biomaterials.
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There is already clear evidence that for VM-Cu-based (VM=valve metal, i.e. Ti, Zr, Al, Ta
...) bulk glassy alloy samples local corrosion events (pitting) typically occur under massive
ion release. Those corrosion events are often due to the presence of cast defects (e.g.
crystalline inclusions, pores) or of defects generated by mechanical processing (e.g. shear-
bands) that cause a local break down of passivity [22,23]. The first corrosion investigations
of VM-Cu-based bulk metallic glasses such as in the Ti-Zr-Cu-Pd system in simulated body
fluid revealed the presence of large fractions of Cu in the alloy (=30 at.-%) as being critical
for the initiation of pronounced pitting events [10,14,24]. Such a critical role of Cu for the
pitting susceptibility of metallic glasses was recently confirmed in a study by Lin et al. [3]
who compared the electrochemical behavior of different metallic glasses on Zr-, Ti- and Ta-

base in Hanks solution.

Recently, the authors developed new glass-forming Ti-Zr-(Nb)-Si alloys which are
completely free of cytotoxic elements. These alloys are considered to have a promising
potential for implant applications. This has been so far derived from detailed investigations
regarding microstructural and mechanical aspects [16,25]. Both melt-spun alloys Ti7sZr0Si;s
and TigpZroNbi5Si;5 exhibit an interesting combination of very high hardness (H) suggesting
very high wear resistance and reduced elastic modulus (E;) values which are in the order of
those for crystalline Ti-based alloys [25]. For long-term use as implant material in the human
body, it is essential to assess the corrosion properties of those new alloys in comparison to
other potentials materials, i.e. single phase a-Ti or B-Ti-40Nb. This is the aim of the study
reported in this paper. It is of fundamental importance to clarify how the alloy microstructure
which is homogenized by the melt-spinning process (rapid solidification) relative to the very

heterogeneous state after casting (slow cooling) as well as the alloy constituents determine
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the corrosion behavior in a biologically relevant environment. It is well-known that glass-
forming alloys are expected to show improved corrosion behavior in comparison with their
crystalline counterparts considering their chemically homogeneous single-phase nature, and
the lack of structural defects such as dislocations and grain boundaries which results in more

homogenous and protective passive film on the surface [26].

In the present work, we studied the anodic polarization behavior and the oxide film growth
on surfaces of glass-forming Ti7sZroNbsSi;s (x= 0, 15) alloy samples in the nearly
homogenized state with glassy matrix phase and embedded nanocrystals as obtained after
rapid cooling (melt-spinning) and in the (heterogeneous) multiphase micro-crystalline state
that was established after slow cooling (casting) in Ringer solution. Competing implant
materials, a-Ti or B-Ti-40Nb, were used as reference materials. The mechanism of passive
film growth on the newly developed alloys has been investigated. The particular role of Nb in
the growth of passive films and the consequences for the passive film properties will be
discussed. Finally, with an SBF test the ability to form bone-like hydroxyapatite on the melt-

spun alloy surfaces was evaluated.

2. Materials and methods

2.1. Materials

Ingots of nominal compositions Ti7sZr0Si;s and TigyZr;oNb;sSi;s (at.-%) were produced by
arc-melting a mixture of the constituent elements with high purity (99.9%) in an Ar
atmosphere. In order to achieve maximum chemical homogeneity, the ingots were re-melted

5 times. Rod samples with 4 mm diameter and 50 mm length were prepared by copper mold
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casting (cooling rate ~1-10° K/s). Test samples were cut into discs with 3 mm thickness.
Ribbons with 30-50 um thickness and 3-4 mm width were prepared by melt-spinning in an
Ar atmosphere using a melt temperature of 1993 K and a single-roller Cu-wheel at a rotation
speed of 35 m/sec (cooling rate ~10° K/s). Details of sample preparation and characterization
are given in [25]. As reference materials, we used rods’ of high purity elements, i.e. cp-Ti
(ARA-T Advance GmbH), Nb and Zr (Goodfellow). Also the single-phase B-type alloy Ti-
40Nb (wt.-%) (Ti74.4Nbys6 at.-%) was employed, which was obtained by casting rods with 8
mm diameter and subsequent homogenization treatment at 1000°C for 24 hours. Details of

alloy preparation and microstructure characterization are given in [6].

The microstructure of alloy rod and ribbon samples was investigated using X-ray
diffraction (XRD, D3290 PANalytical X’pert PRO with Co-Ka radiation) as well as high
resolution scanning electron microscopy (HRSEM, Gemini 1530 microscope) and

transmission electron microscopy (TEM: Philips TEKNAI F30 microscope, 300 kV).
2.2.Electrochemical studies

For potentiodynamic studies, rod samples were electrically connected to an isolated wire
and then embedded in epoxy resin. The surfaces of the cross-sections were finished by
grinding with emery SiC paper (mesh from 400 down to 2500), followed by fine-polishing
with a mixture of 90% 40 nm SiO; suspension and 10% H,0,. The samples were sequentially
cleaned with ethanol and bi-distilled water in an ultrasonic bath and dried in air. Melt-spun
ribbons were cut in proper length of about 50 mm, cleaned carefully with ethanol and bi-
distilled water then dried in air. They have been electrically connected through a metal clip

and an isolated wire.

John Wiley & Sons, Inc.
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Potentiodynamic and potentiostatic polarization tests have been performed by means of a
Solartron SI 1287 electrochemical interface which was connected to a three-electrode cell
with SCE reference electrode (E= 0.241 V vs. NHE) and a Pt net as counter electrode. The
measurements were conducted in Ringer solution (8 g/L NaCl, 0.2 g/L. KCI, 0.2 g/L CaCl,
and 1 g/L NaHCOs3) with pH = 7.4 at 310 K. The electrolyte was purged with N, for 1 h
before each test. Measurements were started after 30 min of immersion in the Ringer solution
under open circuit potential (OCP) conditions and the OCP potential has been recorded vs.
time. The dynamic polarization was started from the cathodic regime (-1V vs. SCE) and
linearly swept in the anodic direction at a rate of 0.5 mV/s up to 4V. Anodic current transient
measurements were performed by implementing potential steps from the OCP to selected

anodic potentials, which were chosen from the potentiodynamic polarization curves.

For cyclic voltammetric measurements the samples have been used as rotating disc
electrodes implemented in an EG&G Parc Model 616 device which realized a rotation speed
of 2000 rpm. After immersion of samples under open circuit potential (OCP) conditions for
30 min and holding at an initial potential of -1.5 V for 60 sec, the potential was swept up to 4
V vs. SCE at a rate of 20 mV/sec in anodic direction and then reversed in cathodic direction

up to the initial potential.

Each electrochemical measurement was repeated 3-4 times to ensure a suitable level of

reproducibility. Electrochemical parameters (corrosion potential, corrosion current density,

passive current density) were calculated as mean values and the standard deviation from the

mean values were determined.

John Wiley & Sons, Inc.



©CoO~NOUTA,WNPE

Journal of Biomedical Materials Research: Part B - Applied Biomaterials

2.3 Surface analytical measurements

X-ray photoelectron spectroscopy (XPS) measurements were performed to analyze the
chemical composition of the surface of Ti7sZr;oSi;s and TigoZroNb;sSijs ribbons as exposed
to air and also after immersion in Ringer solution for 20 hours. It has been done at a PHI
5600 CI (Physical Electronics) spectrometer using non-monochromatic Mg-Ka X-rays (350
W) for excitation. A hemispherical analyzer working at pass energy of 29 eV was applied to
record the spectra. The analysis area was around 800 um in diameter. Residual binding
energy (BE) shifts from surface charging was corrected by shifting the BE values with
respect to the Ti2p peak at 458.8 eV according to TiO, [27]. Peak fitting was performed

using the PHI-MultiPak software (version 9.3, 2011).

Auger electron spectroscopy (AES) in connection with sputter depth profiling was
performed to analyze the chemical composition across the passive layer of TizsZr;oSi;5 and
TigoZr1oNb;5S1;5 ribbons after different treatments and after anodic polarization at two
selected potentials (see section 3.3). A JAMP 9500 F Field Emission Microprobe (JEOL)
equipped with a hemispherical analyzer with electron beam conditions of 10 keV and 10 nA
was used. A scanned beam of Ar" ions of 1 KeV with the scan size of 1 mm x 1 mm has been

used which results in a determined sputtering rate of 4.7 nm/min in SiO». This sputtering rate

has been used as a reference for measuring the thickness of oxide films. From the half width

values of the oxyeen concentration profiles (middle sputter time), thickness values were

estimated. The difference between the sputter time before the middle value and the one after

it, has been used to calculate the error bar values.

John Wiley & Sons, Inc.
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Because in such oxide and multicomponent materials oxide reduction and preferential
sputtering lead to changes of the surface composition during sputter depth profiling which
have to be considered. We used a semi-quantitative correction for this in the depth profiles
using internal surface and bulk reference information. Because of peak shape changes this
correction procedure was using the non-differentiated Auger spectra; details are described

elsewhere [28].

2.4 SBF test

The apatite-forming ability on surfaces of Ti;sZroSijs and TigoZroNb;sSijs ribbons was
tested in a simulated body fluid (SBF). Its composition which was prepared according to
Kokubo and Takadama [29] consisted of NaCl (7.92 g/L), NaHCOs3 (0.356 g/L), KC1 (0.376
g/L), Na,HPO,.3H,0 (0.147 g/L), MgCl,.6H,O (0.309 g/L), IM HCI (15 mL), CaCl, (0.375
g/L), Na,SO4 (0.162 g/L), Tris (6.12 g/L). Firstly, samples were cleaned ultrasonically in
ethanol for 15 min and dried at 100°C. Then, they were treated in 10 M NaOH at 60°C for 24
hours to increase their bioactivity. Subsequently, the samples were cleaned with bi-distilled
water for a short time and dried in a laminar flow box for 24 hours at room temperature [30].
At the end, they were immersed in SBF solution at 37°C for 10, 20 and 30 days and cleaned
three times with bi-distilled water and then dried in a laminar flow box for 24 hours at room
temperature. After this treatment, the surface of samples was investigated with SEM and

energy-dispersive X-ray spectroscopy (EDX).

John Wiley & Sons, Inc.
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3. Results and discussion

3.1 Microstructure characterization

Ti7s5Zr19S1;15 and TiggZr;oNb5Siis rods with 4 mm diameter were produced by copper mold
casting. A fully crystalline structure is observed for the rod samples due to the low cooling
rates (~1 K/sec). In contrast, melt-spinning with about 10° K/sec cooling rate yields ribbons
with nanocomposite structure, i.e. with a main glassy matrix phase. Figure 1a shows XRD
patterns of the crystalline rod and in the inset, those of the air- and wheel-side of melt-spun
ribbons (quenched from a melt temperature of 1993K) of Ti;sZr¢Si;s. The crystalline ternary
alloy is of multiphase nature and comprises one hexagonal intermetallic phase (Ti,Zr)sSi3
(S1) and an eutectic of S1 and hexagonal a-Ti phase [25]. Conversely, XRD patterns of
ribbons reveal a glassy-nanocrystalline composite structure. TEM studies confirmed a glassy
matrix with some embedded nanocrystals of 5-50 nm size identified as bce B-Ti [25]. As it
can be derived from the XRD patterns, the glassy phase fraction increases from the airside of
the ribbon towards the wheelside which is explained by the cooling rate gradient during

single-roller melt-spinning.

Figure 1b shows XRD patterns of the crystalline rod and of the air- and wheel-side of
glassy ribbons (quenched from 1993K) of TigyZr;0Nb;s5Si;5. The crystalline alloy is similarly
to the ternary one, of multiphase nature and consists of Nb-stabilized phases, i.e. the S1
phase (Ti,Zr,Nb)sSi; and an eutectic of S1 and bcc B-Ti(Nb) phase. Upon melt-spinning the
Nb addition caused an increase of the glass-forming ability (implying a reduction of the
fraction of B-Ti(Nb) nanocrystals). Similarly to the ternary alloy, there is a slight cooling rate
gradient over the ribbon cross-section that causes a certain reduction of the fraction of f-

Ti(Nb) nanocrystals to a nearly fully glassy state towards the wheel side (all details in [25]).

10
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For the corrosion studies, we chose melt-spun alloy samples with the maximum achievable
microstructural homogenization state, i.e. maximum glassy phase fraction in the respective
alloy system. Both, the glass-matrix and the nanocrystals are of Ti-base (with different
concentrations of other alloy constituents as solute species). Thus, chemical fluctuations at
the nanoscale may not be significant for the corrosion behavior. Due to the fragility of the
thin ribbons, separate preparation of ribbon sides for electrochemical studies was not
possible. Though being aware of the morphological (roughness) and slight microstructural
differences between ribbon sides, we considered those alloy samples as ‘“nearly
homogeneous and mainly glassy states” in comparison to the heterogeneous multiphase
micro-crystalline states of the cast alloy counterparts and to the polycrystalline states of the

single constituents and of B-type Ti-40Nb used as reference materials.

3.2 Potentiodynamic polarization behavior in Ringer solution

For acquiring qualitative information about principal anodic oxidation reactions, cyclic

voltammetric measurements (CVs) were conducted. In Fig. 2, CVs for TiysZr¢Si;s and
TigoZr1oNb;5S1;5, for the metallic constituents and for Ti-40Nb are shown. All measurements
were carried out in Ringer solution at 37°C with a scan rate of 20 mV/sec. After OCP
adjustment, the samples were firstly polarized up to -1.5 V vs. SCE and this potential was
kept constant for 60 sec for pre-reduction of the electrode surface. Then, potential scanning
up to 4 V vs. SCE and backwards was started. In Fig. 2 mainly the anodic parts of the CVs
are shown.

CVs for Ti, Zr, Nb and Ti-40Nb are summarized in Fig. 2a and are interpreted based on

literature sources [30-37]. The OCP values for Ti and Nb adjust at -0.025+0.025 V vs. SCE

and -0.275+0.025 V vs. SCE, respectively. In the CVs, Ti and Nb show a typical valve-metal

11

John Wiley & Sons, Inc.



©CoO~NOUTA,WNPE

Journal of Biomedical Materials Research: Part B - Applied Biomaterials

behavior in a wide potential range, i.e. a very low anodic reactivity due to formation of

barrier-type passive films and no pitting [33]. The anodic response of Ti is indicative for the

initial formation of Ti**-species as films of TiOOH and Ti,O;_ and the subsequent

transformation into Ti**- species corresponding to TiO, starting at potentials of 0.4V vs. SCE.

The anodic behavior of Nb is initially governed by the formation of NbO (Nb**) and NbO,

(Nb™) oxides which further partially transform to Nb,Os (Nb™*). Unlike Ti and Nb, Zr shows

in Ringer solution a limited corrosion resistance. The OCP value establishes at -0.195+0.025

V vs. SCE and after pre-reduction only a short region of anodic passivity is observed before

it undergoes active dissolution at around 0.2 V vs. SCE with a sudden increase of the current

density. This behavior is indicative for pitting. The CV of Ti-40Nb is quite similar to that of

Ti and Nb in the measured potential range. The anodic step starting at ~1.2 V vs. SCE is

attributed to limited oxygen evolution from water-decomposition. Metikos-Hukovic et al.

[30] stated that addition of Nb to a Ti alloy instead of V leading to (o+p) Ti6Al6Nb
improved markedly the passive film stability. The beneficial effect of Nb is attributed to an
annihilation of anion vacancies in the crystal lattice of the TiO, passive film, which occur
due to the presence of lower oxidation states (Tiz+, Ti3+). Thus, Nb makes the passive oxide
film more stoichiometric. However, in the anodic section of the CV for Ti-40Nb at potentials
>1.2 V vs. SCE a higher current density level than for the single constituents is measured.
This may be attributed to a stronger distortion of the structure of the rapidly growing passive
film on the alloy, which enables an enhanced transfer or tunneling of electrons which is
needed for the water decomposition reaction.

Fig. 2b shows the CVs of Ti7sZr;oSi;s and TigoZrioNb;s5Si;s prepared as multiphase micro-

crystalline cast rods and as homogenized melt-spun ribbons with nearly fully glassy state.

12
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The overall electrochemical behavior of all the alloy samples is similar to that of pure Ti and
Nb as well as of B-Ti-40Nb in the potential range up to ~1.2 V, i.e. a spontaneous stable
passivation due to barrier-type oxide film formation. In detail, an initial slight increase of
anodic current densities due to sub-oxide formation occurs at anodic potentials of ~-0.6 V vs.

SCE. Further slight increases of current density values are ascribed to oxide transformations

to higher valence states and thickening of the oxide film up to the potential of the water

stability limit [30]. The additionally observed small peaks for a Ti;sZr;¢Si;s ribbon at ~0.1 V
vs. SCE, which are at the same potential range as the initial pitting potential of Zr, can be

attributed to temporary pitting initiation due to the Zr fraction in the alloy.

In order to experimentally check the proposed oxide film formation, surface analysis of

Ti75Zr10S1;5 and TigoZrioNb;sS1;5 melt-spun ribbon samples has been done by means of XPS.

It was performed on the air-side of polished ribbons samples which were exposed to air for

24 hours and for samples that were immersed in Ringer solution (37°C) at OCP condition for

20 hours after polishing. Upon this pre-treatment similar surface reactions can be expected as

those taking place upon fast potentiodynamic polarization of freshly polished and pre-

reduced samples. The high resolution spectra of all alloying elements and of oxygen are

exemplarily shown for air-exposed states for TigyZr;oNb;sSi;s ribbons in Fig. 3a. Several

literature sources have been used for indexing the peaks of all observed chemical states
[27,38-40]. According to this, peak fits for the appropriate components were perfomed and
are presented in Fig. 3a. For both alloys, peaks of all alloying elements in the metal states
(Me®) are present which reveals that the spontaneously formed passive films are very thin. In
the spectra of Ti 2p three doublets are observed corresponding to Ti**, Ti**and Ti** with

main presence of Ti** peaks [6,41]. For Zr 3d, a doublet of 3ds;, and 3d3/, peaks from the 7t

13
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state is identified at 182.5 and 184.8 eV, besides detectable Zr° peaks. The binding energy of
Si 2p at 102 eV exhibits the presence of the Si** state and the peak at 98 eV is demonstrating
Si%. In case of TigoZr1oNb;5S1;5, in addition, for Nb 3d multiple valence states are detected.
The dominating doublet at 207.3 eV and 210 eV is ascribed to the Nb>* main state while
beside some residuals of the Nb° state (202.2 eV and 205.1 eV) weaker peaks at 203.5 and
206 eV can be related to sub-oxides with states of Nb** (NbO,) or Nb** (NbO). All O s
spectra comprise a main peak of the O state at 530.5 eV. Therefore, it can be concluded that
the passive film on the ternary alloy is mainly composed of TiO,, ZrO,, SiO, and that on the
quaternary alloy comprises in addition Nb,Os. Also, formation of mixed oxides of the
constituents may be considered. Besides that the O 1s spectra comprise two lower peaks at

532.0 and 533.5 eV which are attributed to oxygen states in OH™ and adsorbed H,O.

A direct comparison of the detailed spectra measured for air-exposed samples and for
samples immersed in Ringer solution for TigyZr;oNb;5Si;s melt-spun ribbons is shown in Fig.
3b. It reveals for all alloying elements a decrease of the peak intensities of the lower valence
oxide states and of the metallic state after immersion in Ringer solution. This is the
consequence of an accelerated passive film growth in the aqueous medium based on the
formation of oxides corresponding to the higher valence states of the alloy constituents. An
increase of the OH and H,O shoulders in the O 1s spectrum for the Ringer immersed
samples is consistent with the raise of hydroxides and adsorbed H,O on the surface of sample
after immersion in an aqueous medium. It can be concluded that on both alloy surfaces, all
alloying elements in both systems contribute to the passive film growth in air and in Ringer

solution under OCP condition. These natural passive films comprise mainly higher valence

14
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oxides, but there is also some evidence for residuals with lower valence oxide states of Ti

and Nb.

In the cyclic voltammetric curve of the crystalline TigoZroNb;sSijs alloy in Figure 2b a
small peak of the current density at about 1.5 V vs. SCE occurs because of limited temporary
electron-transfer for the water decomposition. But when further increasing the potential, the
current density establishes at another low plateau indicating a further stable film growth [30].
Under the conditions of a CV, the anodic behavior of the multiphase TigyZr;oNb;5Si;5 alloy is
very similar to that of the single-phase B-type Ti-40Nb reference alloy (with 25.6 at.-% Nb).
Melt-spun ribbons of TigZr;oNbsSi;s show a similar anodic behavior like the ternary alloy
but a lower overall current density level, indicating enhanced corrosion protection. As it has

been discussed before, addition of Nb to a Ti alloy can improve the corrosion stability.

Further characteristic features in the anodic regimes of the CVs of the melt-spun ribbons in
Figure 2b are sharp peaks at ~1.6 V vs. SCE and subsequent smaller peaks at ~2 V vs. SCE.
In the measurements on the cross sections of the crystalline counterpart rods these peaks are
not so pronounced. They are attributed to a possible beginning electron-transfer reaction that
enables water decomposition under oxygen evolution which is upon further polarization
inhibited by enhanced oxide growth. Also, upon measurements on ribbon samples, current
density fluctuations are observed at potentials above 3 V vs. SCE which suggest a metastable

breakdown of passivity. It is reasonable to assume that these features are artifacts that must

be attributed to the samples geometry with sharp edges.

Quasistatic linear polarization curves were recorded in Ringer solution at 37 °C (Fig. 4).

For the different materials tested in this study, we selected one representative curve after
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several repeated measurements. All investigated Ti-based systems show spontaneous
passivity even in a highly concentrated chloride solution (Ringer solution) at near neutral pH
value (7.4). This low reactivity makes free corrosion and anodic conditions corresponding to
an overall very low current density level. At this level, fluctuations of the curves observed in
repeated measurements must be mainly attributed to (manual) sample handling prior to the
electrochemical measurements. Cp-Ti and single-phase B-Ti-40Nb have been selected as

references. For cp-Ti, the free corrosion potential established at about -0.250+0.025 V vs.

SCE and a rather low corrosion current density of only 45+5 nA/cm” is observed. This

transfers into a spontaneous passivation of the surface in the anodic potential regime

corresponding to a plateau-like behavior at a current density level of 3.5+0.5 uA/cm? below 1

V vs. SCE. A very similar behavior is observed for Ti-40Nb; it exhibits a very low corrosion
current density of 444 nA/cm® and transfers spontaneously to a stable passive regime at a

current density level of 2.5+0.5 uA/cm” up to 1 V vs. SCE.

The anodic polarization curves for Ti;sZr;oSijs and TigoZr;oNb;sSijs rods and ribbons are
shown in Figure 4. In case of the crystalline alloy states, similar as for Ti-40Nb, adding
alloying elements (Zr, Si, Nb) to Ti shifts the corrosion potential to more negative values (to

-0.350+0.025 V vs. SCE for the ternary alloy and to -0.460+0.025 V vs. SCE for the

quaternary alloy) and slightly lowers the corrosion rate corresponding to slight reduction of

the corrosion current density to 40+5 nA/cm?. Upon anodic polarization up to ~1.2 V vs.

SCE, both crystalline alloys spontaneously passivate. The passive current densities are of

comparable level as for cp-Ti and Ti-40Nb, i.e. in the range of 2+1 yA/cm? For both

multiphase alloys, there is no passive layer breakdown in this potential range. Moreover,
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beyond the water stability potential range both alloys remain passive up to about 3 V vs.

SCE, above which some metastable pitting is possible (current fluctuations).

Homogenization of the microstructural state of Ti-Zr-(Nb)-Si alloys by melt-spinning does
not significantly change the polarization behavior under quasistatic conditions. The corrosion
potentials are slightly shifted to more positive values by about 200 mV, but the corrosion
current density remains at a similar very low level of 405 nA/cm2. Upon anodic
polarization, surface passivation is enhanced and a passive current density level similar to
that measured for the crystalline counterparts is maintained in the potential range of water
stability. For both nearly fully glassy alloys, pitting was not observed upon further
polarization (>1.2 V vs. SCE). Some typical features, “water decomposition peaks”, occur
which must be ascribed to the problematic geometry of the ribbon samples that was discussed

before.

Similar as for cp-Ti, the melt-spun ternary alloy exhibits a gradual increase of the current
during the high polarization regime. This is an indication for a certain electron-permeability
of the growing oxide film, which is for Ti known to be due to the semi-conductive properties
of the film. The melt-spun TigoZr;oNb;5Sijs alloy shows stable passivity in this high

polarization regime with some weak indication for metastable pitting at >3 V vs. SCE.

Similar investigations have been done by Qin et al. for glass-forming Ti-Zr-Cu-Pd-Sn
alloys and by Oak et al. for Ti-Zr-Ta-Si alloys in body simulated fluids at 37 °C. They
conducted quasistatic polarization measurements up to 1.5 V vs. SCE [9,10,42,43]. For Cu-
containing alloys certain passivity break downs and pitting events occur at defined potentials

less than 1.5 V vs. SCE, but Ti-Zr-Ta-Si alloy systems demonstrate a similar stable behavior
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as that of our alloys up to 1.5 V vs. SCE. In comparison, in the present study we proved for
melt-spun TizsZr0S1;5 and TiegZr;oNb;sSis, a very high stability of the passive state in a

wider anodic potential range, i.e. even beyond the water stability limit.

3.3 Passivity and pitting under potentiostatic control

In order to study the anodic passive film growth mechanism in more detail, anodic
current density transients were recorded for Ti;sZrioSijs and TigoZrioNb;sSijs melt-spun
ribbons which are shown in the double-logarithmic plot in Fig. 5. Measurements have been
carried by stepping the potential from a stable OCP to two different anodic potentials, one in
the range of the stable passive region, i.e. at 0.5 V vs. SCE, and another one in the high
polarization regime, i.e. at 4 V vs. SCE. As reference material the single-phase Ti-40Nb was
employed here, as it exhibits very precisely the characteristic anodic behavior of valve-

metals [6].

In the case of Ti-40Nb when stepping the potential to 0.5 V vs. SCE, the measurable
current density transient is after an initial period clearly linear with a slope close to m= -1.

This is indicative for a high-field-controlled passive film growth [33]. When stepping the

potential to a higher value of 4 V vs. SCE, a similar linear behavior at a higher current
density level is observed. This demonstrates the rapid formation of a barrier-type passive film
with no or very low permeability for electric charges (electrons) even at this extreme

polarization condition.

Compared to this nearly ideal behavior of Ti-40Nb, for both melt-spun Ti-(Nb)-Zr-Si alloys

the current transients obtained when stepping the potential to 0.5V vs. SCE are very similar.

18

John Wiley & Sons, Inc.

Page 18 of 41



Page 19 of 41

©CoO~NOUTA,WNPE

Journal of Biomedical Materials Research: Part B - Applied Biomaterials

This confirms that also for these nearly fully glassy alloy samples the high-field growth

mechanism holds. There is no significant difference between ternary and quaternary alloy.

In contrast, when stepping the potential to the high polarization regime (4 V vs. SCE) a
deviation from the ideal behavior occurs for both glassy alloys. In repeated measurements,
for the melt-spun TiysZr;(Sijs alloy current density transients were measured at rather high
levels with a mean slope m~0. Those are characteristic for metal dissolution which will in
this case superimpose the limited water decomposition reaction (that was detected in
quasistatic polarization experiments). Additional SEM analysis of ribbon samples after the
transient measurements (Fig. 6) revealed local corrosion damages which were initiated at
various defect sites of a ribbon surface. The images clearly show a quite uniform propagation
of the corrosion front leading to a nearly spherical damage. This confirms a monotonic rate
of the corrosion reaction in the metastable nearly single-phase glassy material. Current
transients recorded for melt-spun TigyZr;oNb;sSi;s samples comprise an initial period of
dominant corrosion followed by a transfer into stable passive film growth similar as observed
for Ti-40Nb. After detecting metastable pitting at this high potential regime under quasistatic
polarization conditions (Fig. 4), this indicates that under potential-stepping conditions the
Nb-containing glassy alloy has a certain tendency for healing its surface after a corrosion

initiation event.

For further detailed characterization of the passive films that form on the glass-forming
Ti(-Nb)-Zr-Si alloys in simulated body fluids under potentiostatic control, sputter depth-

profiling was conducted. The AES method was identified as being the favored method in

comparison with XPS for this purpose because of higher sputtering rates and well defined
measuring area selection [28].
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Sample surfaces were immersed in Ringer solution under OCP condition and were also

anodically polarized at 0.5 V and 4 V vs. SCE before analysis. Fig. 7 summarizes exemplary

depth profiles obtained by AES sputter depth profiling of TigyZr;oNb;5Si;5s sample surfaces.
The AES profile of the surface region of a naturally passivated reference sample (Fig. 7a)
reveals that the oxygen concentration gradually decreases within the first ~100 seconds of

sputter time which corresponds to an oxide thickness of below 10 nm.

Correspondingly, the concentrations of the alloying element species Ti, Zr, Nb and Si
gradually increase up to a plateau level. This plateau is indicative for the surface region of
the metallic state with the nominal concentration of the alloying elements. The initial sputter
time period at which the elemental concentrations including O gradually decay is the passive
film region. More strictly, the sputter time at which the oxygen signal decayed to the half

width value between maximum and minimum value was defined as oxide/metal interface.

AES analysis confirms that all constituent element species are present in the oxide film,
whereby the Ti oxide species fraction dominates. The depth profiles of samples immersed in
Ringer solution under OCP conditions and polarized at 0.5 V vs. SCE (Fig.7b, c) are very
similar showing only a gradual expansion of the surface oxide region. Polarization at 4 V vs.
SCE (Fig. 7d) strongly enhances the passive film growth. The oxygen concentration remains
at a plateau level within the first ~400 sec of sputtering and only then steeply decreases
reflecting the oxide/metal interface region. Accordingly, the Ti concentration decayed only
marginally in the oxide layer region with a slight trend to deplete towards the inner interface.
From the concentration profiles of the other constituent elements a two-zone nature of the

passive film can be derived. In the outermost zone (<200 sec sputter time) Si species are
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strongly depleted (close to 0%) relative to Zr and Nb species, whereby Si is relatively

enriched in the inner oxide film zone (~200-400 sec).

From the half width values of the oxygen concentration profiles thickness values of the
passive films were estimated considering a reference sputter time of the AES system in SiO,
of 4.7 nm/min. Results of this estimation for both alloys are summarized in Figure 8. It is
evident that addition of Nb to the nearly fully glassy Ti;sZroSi;s alloy does not significantly
change the passive film thickness. Immersion in Ringer solution or anodization at 0.5 V vs.
SCE leads to a slight increase of the film thickness, but values remain small, i.e. <10 nm.

Polarization at 4 V vs. SCE results in a marked thickness rise by about 5 times to 35+2 nm.

3.3 Apatite-forming ability

The analysis of hydroxyapatite formation on a material in a SBF solution may be used as a
preliminary assessment of the in vivo bone bioactivity of that material [29]. Therefore, the
ability of the melt-spun Ti;sZr0S1;5 and TigyZr;oNb;5Si;s alloys to generate hydroxyapatite at
their surface (airsides) was tested and compared against that of cp-Ti. Samples of those three
materials were immersed in SBF solution for 10, 20 and 30 days. Subsequently, their surface
was investigated by SEM and EDX. Selected SEM images are shown in Fig. 9. Highly
porous layers developed by overlapping of hemispherical growth centres. EDX analysis
(spectra not shown here) revealed the presence of both Ca and P in those layers indicating
that they consist of hydroxyapatite. The growth of the hydroxyapatite layer appears to occur
at similar rates on cp-Ti and on the melt-spun TizsZr;oS1;5 alloy: after 10 days they show a
similar morphology of the hydroxyapatite layer (see Fig. 9a and b). However, the growth rate

on the TigyZrioNb;s5Sijs alloy is significantly lower. As Fig. 9c¢ shows, after 10 days of
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exposure to the SBF solution, only few small porous growth centres were detected (this is
similar after 20 days). Nevertheless, after 30 days (see Fig. 9d) the TigZr;oNb;s5S1;5 alloy

also forms a thick layer of hydroxyapatite.

It is concluded that the melt-spun Ti7sZr0Si;s alloy has an apatite-forming ability which is
similar to that of cp-Ti. For the melt-spun TigyZrioNb;sSijs alloy, the formation of
hydroxyapatite is retarded, suggesting that additions of Nb inhibit the apatite-forming ability
of Ti-based alloys. This is in agreement with previous studies on -phase alloys which also

revealed a reduced rate of the apatite-forming ability when adding 45 wt.-% Nb to pure Ti

[7].

3. Conclusions

In the present study the corrosion and passivation behavior of glass-forming Ti7sZroSi;s
and TigoZr;oNb;sSis alloys in simulated body fluid (Ringer solution) at 310 K was assessed.

Both alloys show in the multiphase crystalline state as well as in the homogenized mainly

glassy state very low corrosion rates which are comparable to those of cp-Ti or B-phase Ti-

40Nb. Upon anodic polarization, formation of barrier-type protective passive films under

participation of all alloy constituents dominates. Zr must be considered as critical element

that can induce pitting. But homogeneous constituent distribution in the melt-spun mainly

glassy state and substitution of Ti with Nb fractions in the alloy composition can counteract

its effect. Altogether, their anodic stability is superior to that of Cu-containing glass-forming

Ti alloys and is comparable to that of glassy Ti-Zr-Ta-Si alloys and of B-type Ti-40Nb. SBF

testing proved an apatite-forming ability of the mainly glassy alloy surfaces which is
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comparable to that of cp-Ti for the ternary alloy, but is somewhat retarded when Nb is added

to the alloy.

©CoO~NOUTA,WNPE

In conclusion, glass-forming Ti;sZr0Si;s and TigyZrioNb;sSijs alloys which are free of
toxic elements appear to be very good candidates for long-term biomedical applications due
14 to the proven high stability of their passive states in a simulated body fluid. The addition of
16 Nb supports a high pitting resistance even under extreme anodic polarization conditions. The
Nb-containing nearly single-phase glassy alloy has similar corrosion properties to the single-
21 phase B-type Ti-40Nb alloy. The limited glassy sample thickness <1 mm related with the
23 limited glass-forming ability suggests the new alloys as excellent coating materials for

26 medical devices with high wear and corrosion resistance.
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Figure Captions

Figure 1

Figure 2

Figure 3

XRD patterns of a) a cast TiysZr;oSi;5rod and inset: of a melt-spun ribbon quenched
from a melt temperature of 1993K (both air-side and wheel-side);

b) a cast TigyZr;oNb;5Si;s rod and inset: of a melt-spun ribbon quenched from a melt
temperature of 1993K (both air-side and wheel-side).

Anodic sections of cyclic voltammograms of a) Ti, Zr and Nb and B-type Ti-40Nb
(Ti744Nbas6) and b) of TiysZr;9S115rod, TigeZrigNby5Siisrod, Tizs5Zr;oSi;5 ribbon
and TigoZr;oNb;5Si;5 ribbon, recorded in Ringer solution (pH 7.4, T=37°C), at
v=20mVsec " and ® = 2000 min".

a) XPS analysis of TigyZr;oNb;sSi;s ribbon surface exposed to air; measured and

Figure 4

Figure 5

Figure 6

fitted core level spectra of Ti 2p, Zr 3d, Nb 3d, Si 2p and O 1s

b) comparison of XPS analysis of TigoZr;oNb;5Si;5 ribbon surfaces exposed to air and

immersed in Ringer solution under OCP condition for 20 hours; measured core level

spectra of Ti 2p, Zr 3d, Nb 3d, Si 2p and O 1s

Potentiodynamic anodic polarization curves of cp-Ti, B-type Ti-40Nb (Ti74.4Nbys ),
Ti75Zr10S115, TigoZr10Nb5S1;5 cast rods and of TizsZr¢Si;s, TigoZr10Nb5S1;5 melt-spun
ribbons recorded in Ringer solution at 37°C; inset: higher resolved curve sections
close to the free corrosion potential

Current density transients recorded upon potentiostatic anodic polarization of the
B-type Ti-40Nb and Ti7sZr;¢Si;s and TigoZroNb;5Si;s ribbons in Ringer Solution at
37°C at selected potentials: 0.5V and 4V vs. SCE.

SEM images of corroded areas of a Ti;5Zr;(Si;5 ribbon sample observed after

potentiostatic polarization at 4V vs. SCE in Ringer solution, a) corrosion
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Figure 7

Figure 8

Figure 9
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damage-overview, b, ¢) rim regions of the corrosion damage showing the front of
corrosion propagation

Elemental concentration depth profiles obtained from AES measurements at surfaces
(airside) of TigoZr;oNbsSijs ribbons a) naturally passivated in air, b) immersed in
Ringer solution at 37°C for 20 hours under OCP condition, c¢) after potentiostatic
polarization at 0.5 V vs. SCE for 2 hours, d) after potentiostatic polarization at 4 V
vs. SCE for 2 hours

Thickness data of the passive films formed on melt-spun of Ti7s5Zr;0S1;s and
TigoZr10Nb;5S1;5 ribbons surfaces after 1) exposure to air for 20 hours, II) immersion
in Ringer solution at 37°C for 20hours, III) after anodic polarization at 0.5 V vs. SCE
for 2hours, IV) after anodic polarization at 4 V vs. SCE for 2 hours. Data were
obtained from AES depth profiles (Fig. 7), i.e. from analysis of the oxygen
concentration change

SEM images of cp-Ti, TizsZr1oSi;s and TigoZroNb;sSi;s treated with NaOH and
immersed in SBF solution for different durations: (a) cpTi /10 days, (b) Ti;sZr0Si;s

/10 days, (C) Ti6ozl'1()Nb15Si15 /10 days, and (d) Ti6oZr10Nb158i15 /30 days.
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