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Electrochemical Surface Nanostructuring of
Ti47Cu38Fe2.5Zr7.5SnZSi1Ag2 Metallic Glass for ImprOVEd

Pitting Corrosion Resistance

Nora Ferndndez-Navas,* Christine Joy Querebillo, Kirti Tiwari, Martin Hantusch,
Viktoriia Shtefan, Nicolds Pérez, Paola Rizzi, Martina Zimmermann, and Annett Gebert

Ti-based bulk metallic glasses are envisioned for human implant applications.
Yet, while their elevated Cu content is essential for a high glass-forming ability, it
poses biocompatibility issues, necessitating a reduction in near-surface regions.
To address this, surface treatments that simultaneously generate protective and
bioactive states, based on nanostructured Ti and Zr-oxide layers are proposed.
An electrochemical pseudo-dealloying process using the bulk glass-forming
Tiy7CuszgFe; sZr; sSn,Si;Ag, alloy is defined. Melt-spun ribbons are immersed
in hot concentrated nitric acid solution, monitoring the anodic polarization
behavior. From the current density transient measurements, together with
surface studies (field-emission scanning electron microscopy, transmission
electron microscopy, and Auger electron spectroscopy), the surface reactions are
described. This nanostructuring process is divided into three stages: passivation,
Cu dissolution, and slow oxide growth, leading to homogenous nanoporous and
ligament structures. By tuning the applied potential, the pore and ligament sizes,
and thickness values are adjusted. According to X-ray photoelectron spectros-
copy, these nanoporous structures are Ti and Zr-oxides rich in hydrous and
nonhydrous states. In a simulated physiological solution, for those treated glassy
alloy samples, complete suppression of chloride-induced pitting corrosion in the
anodic regime of water stability is achieved. This high corrosion resistance is
similar to that of clinically used cp-Ti.

1. Introduction

present unique chemical properties,
including excellent catalytic activity and
high corrosion resistance in various
environments. These attributes surpass
those of conventional crystalline alloys.'!
Among the glass-forming systems,
Ti-based alloys stand out for envisioned
biomedical applications, mainly as an
implant material in dentistry, trauma
surgery, or orthopedics.*® They present
very high static compressive strengths of
Opmax = 1680-2640 MPa, in combination with
Young’s modulus of E=80-100GPa.>®
These properties are advantageous com-
pared to implant materials currently in clini-
cal use, such as cp-Ti (Gyax = 240-550 MPa,
E=102-108 GPa) and Ti-6Al-4V
(Gmax = 860-950 MPa, E=110-114 GPa)
due to the fact that stress-shielding
effects and early implant failure can be
reduced.”™

A high glass-forming ability (GFA)
determines the castability of bulk amor-
phous specimens. This typically requires
multicomponent alloy compositions with
biocompatible Ti (and/or Zr, Nb) being
mixed with cytotoxic elements (Be, Al

or Ni) or noble metals (Pd, Pt). However, this addition impairs
their application as implant materials in the human body.

[8,10,11]

Bulk metallic glasses (BMGs) have gained considerable research
interest in recent years due to their mechanical performance,
exhibiting very high strengths and hardness values. They also

In the last decades, several Ti-based BMG systems free of the
abovementioned toxic elements have been developed.!®!*"*!
One promising biomaterial is the Tis;CusgFe;sZrysSn,Si;Ag,
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which possesses a high GFA and has been reported to be cast as
bulk glassy rods with a diameter of up to 7mm. This is in
addition to affording Young’s modulus of E=100GPa and a
compressive strength of 6. = 2080 MPa.l' Moreover, a great
advantage this alloy offers is its ability to be produced in bulk
amorphous state by selective laser melting.!"®! This additive
manufacturing technique extends the degree of freedom for
BMG sample size and geometry without altering mechanical
or corrosion properties,'*'” which is indispensable for biomed-
ical use.

While various publications have already determined a possible
implant application for Ti—Cu-based BMGs"®'” as well as for
Zr—Cu-based BMGs,"”) more critical studies point out the essen-
tial problem of their insufficient biocompatibility.!*?>*"! Usually
a high amount of Cu (>30 at%) is needed in the Ti-alloy compo-
sition for bulk glass formation.[®! Nevertheless, Cu is in general
known as a cytotoxic element. As-cast BMG specimens contain
significant amounts of Cu in the near-surface region, which can
be released in a physiological environment, introducing a risk of
inflammatory reactions or death of bone-forming cells.®**2* In
contrast, Cu has been shown to induce antibacterial effects.!*”!
Additionally, the high Cu content of Ti- and of similar Zr-based
BMGs is a driving force of chloride-induced pitting corrosion,
which affects the mechanical integrity of bulk samples.>#2¢-28
Chloride-induced stress corrosion and corrosion fatigue prob-
lems have been discussed in initial studies in this field.**%
These BMG corrosion problems hold disadvantages compared
to highly resistant alternative implant materials, e.g., Ti,
Ti-6Al-4V, new beta-type Ti-alloys, or simple Ti-based glass-
formers with only valve-metaltype components.[®%3334
Variations such as partial substitution of critical Cu with more
resistant elements, for instance Nb or Ga, can only inhibit but
not suppress pitting. Moreover, they deteriorate the GFA.[2%*!
Altogether, Cu plays a crucial role in obtaining monolithic
bulk glasses, ensuring favorable mechanical performance.
Nevertheless, to mitigate biocompatibility issues, it is necessary
to significantly decrease the Cu content in the near-surface
regions of the specimens. This can be accomplished through
appropriate physio-chemical surface treatments applied to the
established glassy alloy compositions.

Ti and classical Ti-alloys form spontaneous barrier-type passiv-
ation layers consisting of Ti oxides with only a few nanometer
thicknesses. They provide high corrosion stability but they are
bioinert. For permanent implants, the creation of bioactive con-
ditions is crucial in achieving optimal growth of bone tissue.
The roughness, topography, surface energy, and chemistry of
the metal surface can be used to control the processes at the
implant-tissue interface.’*>?! Conversely, established surface
treatments for Ti-based biomaterials are mostly not applicable
to the BMG class. Initial studies have proposed chemical surface
processing methods for Ti-Cu-based BMGs.[**”! For example,
Qin et al. deposited pure titanium films by magneto-sputtering
on the TispZr;oCussPd14 BMG surface to enhance apatite forma-
tion in simulated body fluid (SBF), after further acid (5% HCI,
30% HNOs3) and heat treatments (5M NaOH solution, 60 °C,
24 h). However, the adhesion of the Ti layers was insufficient.[*"
A two-step procedure was developed with first electrochemical—
hydrothermal treatment of the Ti-BMG in 5M NaOH solution
(90°C, 1h, 10mAcm™% and a subsequent treatment in
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saturated Na,HPO, and Ca(OH), (25°C, 4h) which resulted
in accelerated nucleation and growth rates of apatite formation
in SBF.1*! Nonetheless, these complex treatments are costly and
time-consuming. For Cu-containing glassy Ti-alloys, typical
implant oxidation techniques for surface bioactivation based
on anodization in suitable electrolytes at high voltages, e.g., oxide
nanotubular growth or microporous oxide generation***’! are
expected to be unsuccessful as Cu disturbs the high field-
controlled oxide growth processes which are driven by valve-
metal properties. In addition, BMG surface thermal oxidation
is strongly restricted to a temperature-time window below
the supercooled liquid region to suppress crystallization
processes.** Likewise, classical acid etching treatments in HF
or HCI solutions are not applicable since they will enhance
Cu at the surface, thus inducing local corrosion and diminishing
the mechanical performance.>*%

For the stimulation of bone tissue forming cells, nanostruc-
tured implant surfaces with an oxidic nature are most suitable.*”)
To achieve tailored nanoporous structures and a substantial
reduction of Cu species in the near-surface Ti-Cu-based BMG
region, techniques adapted from dealloying emerge promising.
This process was fundamentally developed for crystalline noble
metal alloys in a single solution state. By chemical or electro-
chemical treatments, a selective dissolution of the less noble con-
stituent species occurs, followed by surface diffusion of the
remaining more noble constituent atoms, thereby rearranging
to nanosized ligaments which create three-dimensional (3D) net-
works with open nanoporosity.[**%! As prerequisite, the dissolv-
ing less noble constituent has to be in excess concentration in the
alloy substrate. In initial studies, chemical dealloying processes for
single-phase amorphous alloys based on complex noble metal-
based systems were investigated. For instance, Paschalidou et al.
achieved full dealloying of glassy Au,oCu,sAg;PdsSiyo ribbons
resulting in homogeneous nanoporous gold (Au) by immersion
in 1M HNOj; solution at 70 °C.””) However, in the case of valve
metal-based alloys, such selective surface processes are extremely
difficult, as the atomic surface diffusion and reorganization pro-
cesses of the remaining components are partially or completely
inhibited by immediate oxidation. Thus, the penetration
depth of the dealloying process is limited. Exemplarily,
L. Mihaylov et al. treated the surfaces of glassy ZrgsNizoPds
and ZrssNizgAloPds alloy ribbons in 0.01M HF solution for
24h and obtained a nanoporous layer with a limited thickness
of 2-3 uym which was composed of nanocrystalline Pd, ZrNi,
Zr0,, and NiO.PY Due to these limitations, the process cannot
be referred to as dealloying per definition. Consequently, the ter-
minology “pseudo-dealloying” is introduced in this article to
describe the surface nanostructuring process occurring in the
Ti-Cu-based glassy alloy.

For removing Cu from the near-surface regions of the glassy
alloy, the chemical process has to be conducted in the pH value-
potential regimes at which soluble Cu species can form, i.e., in
strongly acidic or alkaline solutions and under oxidizing
(anodic) conditions in the water stability range, which also
enhances the Ti (and Zr or Nb oxidaltion).[5 2 In the first study,
Blanquer et al. obtained by potentiodynamic polarization of
glassy TiyoZr10CusgPd;, bulk samples in 5M NaOH solution a
nanoporous mesh layer with 200nm thickness which was
described as being rich in Ti and Cu oxides and Pd, i.e., Cu
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was only reduced by about half the amount compared to the con-
tent in the glassy alloy matrix.>*!

In this article, we describe the first successful steps to develop
a suitable approach for the formation of a nanoporous Ti-oxide-
based layer on glassy Tis;CusgFe; sZrysSn,SijAg, ribbon sam-
ples by electrochemical pseudo-dealloying in nitric acid solution
(HNOs3) at elevated temperatures. It will be demonstrated that,
the applied anodic potential controls the surface reactions which
take place in three characteristic stages, thereby leading to porous
surface layers with ligament and pore sizes in the range of a few
nanometers. These porous oxide layers can effectively suppress
pitting corrosion in a simulated physiological solution leading to
cp-Ti-like good corrosion resistance.

2. Experimental Section

2.1. Preparation of Glassy Alloy Samples

For these fundamental electrochemical surface treatment
studies, ribbon samples of the Ti;CusgFe, sZ1; 5Sn,Si;Ag, alloy
were fabricated by melt-spinning and used as free-standing
working electrodes with a large surface area.

For the alloy fabrication, all commercial constituent elements
with a purity higher than 99.99% were mechanically cleaned
using grinding SiC paper to remove surface oxides and impurities
and subsequently, were mixed in appropriate concentrations. Ingots
with a targeted composition of Tis;CusgFe, sZr;5Sn,Si;Ag, and a
weight of 25 g were prepared by arc melting (Edmund Biihler
GmbH) in a Ti-gettered argon atmosphere. Each ingot was
remelted at least five times to ensure chemical homogeneity.
Pieces of the master alloy (5-6 g) were used to produce ribbons
with a width of 4-5 mm and a thickness of about 30-50 pm in a
Cu single-roller melt spinner, with a diameter of 0.20 m (Edmund
Bithler GmbH). The casting temperature was 1076 K. The tangen-
tial speed of the copper wheel was 41 ms™" for all the ribbons.

2.2. Characterization of the Master Alloy and Glassy Ribbons

The elemental composition of the produced master alloy and
glassy ribbons was examined by inductively coupled plasma opti-
cal emission spectroscopy (ICP-OES; iCAP 6500 Duo View,
Thermo Fisher Scientific GmbH). The obtained results are listed
in Table 1. Considering the error limits of the analysis method,
the compositional deviations are negligible; thus, the material
will be denoted by its nominal composition (in at%).

The oxygen content was determined by the carrier gas hot
extraction method (CGHE; LECO ON836, LECO Corporation).
The measured oxygen levels are low, i.e., 0.073 (£0.015) wt%

www.aem-journal.com

for ribbons and 0.0651 (+0.0025) wt% for the master alloy, hence
proving the high purity of the produced materials.

The microstructure of the as-spun alloy was examined by X-ray
diffraction (XRD; STOE Stadi P) in transmission geometry mode
using Mo K (4 = 0.70930 A) monochromatic radiation and 0.5°
step size. The thermal stability and crystallization behaviors were
studied by differential scanning calorimetry (DSC; Perkin-Elmer
DSC7) at a heating rate of 0.33 Ks™' in an Al,O; pan. A thermal
relaxation step, i.e., preheating up to 673 K, was added to the DSC
measurements to determine a more reliable glass-transition tem-
perature, T,. From the onset temperatures of T, and the first
crystallization peak (T,), the undercooled liquid region (AT,)
was determined.

2.3. Surface Modification by Electrochemical Treatment in
Nitric Acid and Surface Analysis

Electrochemical pseudo-dealloying was applied to modify the
surface of the glassy TiyyCusgFe,sZr;5Sn,Si;Ag, ribbons.
Electrochemical tests were carried out using a Solartron SI
1287 electrochemical interface connected to a three-electrode
biological cell with a double-wall jacket for temperature
control (BioLogic). A saturated calomel electrode (SCE)
(E(SHE) = 0.241 V) was used as the external reference electrode
with a Luggin capillary. A Pt sheet served as a counter electrode.
As a working electrode, 3—4 cm long ribbon pieces were cut, elec-
trically connected at one end, and partially isolated with Teflon
tape exposing an area of 1 cm”. Measurements were conducted at
room temperature (RT) and at 60 °C in 5 M HNOj; solution (65%
p-a., CHEMSOLUTE). These electrolyte conditions (pH value
and concentration) for the surface modification were selected
considering the Pourbaix diagrams of Ti (hydrous and anhy-
drous) and Cu at 25°C,P? as well as the work of Zhu et al.
for binary Ti—Cu alloys with excess of Cu content.>*>!

After pre-exposure of the ribbon sample for 30 min under
open circuit potential (OCP) conditions, linear potentiodynamic
polarization measurements in 5 M HNOj; solution in the range
—0.2V versus OCP to 2V (vs SCE) with a potential scan rate of
1mV s~ were carried out. This was done to determine the suit-
able conditions for potentiostatic pseudo-dealloying. After
immersion of the ribbons for 10 min under OCP conditions,
the potential was set to a defined anodic potential and was held
constant for 60 min while the current transient was recorded. To
evaluate the influence on the resulting surface nanostructure,
different potentials in the pseudo-passive and transpassive
regions were applied. After the electrochemical treatment, the
samples were rinsed four times with distilled water and were left
to dry at RT. All tests have been repeated at least 3 times to ensure
the reliability of the data. The air side of the ribbon was used for
surface analysis.

Table 1. ICP-OES results—measured chemical compositions for alloy samples made of nominal Tis;CusgFe; 5717 5Sn,Si1Ag,.

Element content [at%]

Ti Cu Zr Fe Sn Si Ag
Master alloy 47.234+0.26 37.91+0.07 7.45+£0.21 2.08 +0.01 1.97+£0.01 0.84 +£0.01 2.0040.01
Ribbons 47.03 £0.37 38.04 £0.22 7.48+0.22 2.11+£0.06 1.99+£0.03 0.97+0.06 1.994+0.05
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2.4. Surface Characterization

The surface morphology of the nontreated and treated samples
was investigated by field emission scanning electron microscope
(FE-SEM; Zeiss Ultra Plus) with an energy of 20 keV. Lamella
cross-sections were prepared using a focused ion beam (FIB;
Thermo Fisher Helios 6000) and examined with transmission elec-
tron microscopy (TEM; Thermo Fisher Tecnai G20) operating at
200 kV to determine the thickness of the oxide layer. Images were
taken using underfocus conditions. Image-] software was used on
50 spots in SEM images from 3 different sample replicates at each
investigated potential to determine the pore and ligament sizes.

For the characterization of the nontreated and treated surface
of the glassy ribbons (airside), chemical depth profiles were
obtained using Auger electron spectroscopy (AES) in combina-
tion with Argon ion etching. The spectrometer (JEOL JAMP
9500F) is equipped with a hemispherical analyzer and operates
with the electron beam conditions: 10 kV, 10 nA. The Argon ions
are accelerated with 1kV leading to an estimated sputter rate of
6 nm min~" (calibrated to SiO,). The sputter spot size of approx-
imately 1 mm x 1 mm is some orders of magnitude higher than
the analyzing areas. At least two spots per surface sample were
analyzed.

The surface/bulk interface was set at the point where the oxy-
gen concentration was at 50% of its maximum.

Normalized Cu/(Ti + Zr) values were obtained by first finding
the ratio of atomic concentrations of Cu to the sum of the atomic
concentrations of Ti and Zr (Ti+ Zr) and then driving the calcu-
lated ratio values to the highest value of Cu/(Ti+ Zr) in the
as-spun sample.

For a better understanding of the binding states at the surface,
X-ray photoelectron spectroscopy (XPS) is used. The spectrome-
ter (Physical Electronics PHI 5600) is equipped with a 150 mm
hemispherical analyzer and a monochromated Al-Ka X-ray
source. High-resolution spectra were obtained with a 29 eV pass
energy and a 0.8 mm spot size. A low-energy electron gun (5 V) is
used as a neutralizer to avoid any kind of surface changing
during the measurement. All spectra are energy-corrected using
graphitic carbon at 284.4 eV as a reference.

Atomic force microscopy (AFM) was performed under ambi-
ent conditions using a Bruker Dimension Icon AFM in tapping
mode with a scan rate of 0.5 Hz. A TESPA-v2 probe was used
with a resonance frequency of 320 kHz. The AFM data were ana-
lyzed using WSxM5.0 Develop 10.0 and/or Gwyddion 2.56.

2.5. Corrosion Measurements

Electrochemical measurements were carried out in a simulated
physiological solution to study the impact of the selected surface
treatments on the corrosion properties of the glassy ribbons.
Pure Ti in the form of sheets was used as a reference material.
To resemble the initial surface conditions of the ribbons, Ti
sheets were mechanically ground with 2500 SiC paper and
exposed to laboratory ambient conditions for 24 h. In addition,
Ti sheets were pre-exposed to 5 M HNO; solution at 60 °C apply-
ing a potential of 1V for 3600 s to stimulate the passivation and
making it comparable with the glassy ribbons pre-exposed to the
same treatment.
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The electrolyte chosen for the measurements was phosphate-
buffered saline solution (PBS; composition: NaCl 140 mm, KCI
3mM, phosphate buffer 10mm, purchased from Merck
KGaA), at 37°C and pH 7.4. A three-electrode glass cell con-
nected to a Solartron SI 1287 electrochemical interface as
described above was used, with the working electrode exposing
an area of 1cm?.

Samples were immersed for 60 min in OCP conditions to
monitor the stabilization of the potential. Potentiodynamic polar-
izations were started at —0.2 V versus OCP and the potential was
ramped to 1.2V versus SCE at a constant scan rate of 1mVs™".
A current density limit of 1 mA cm™? was set to interrupt local
corrosion processes which typically occur in the anodic regime
with a sudden strong current increase. Each test was performed
at least three times to ensure the repeatability of the results. The
corrosion parameters, corrosion potential (E,,,), corrosion cur-
rent density (icorr), and passive current density (iyass) at 1 V versus
SCE were determined by graphical extrapolation from the repre-
sentation of the polarization curves.

After these tests, the sample surfaces were examined with
SEM to analyze possible corrosion damage morphologies.

3. Results and Discussion

3.1. Characterization of Ti,;CusgFe; sZr; sSn,Si;Ag, Ribbon
Material

To conduct fundamental electrochemical surface treatment
investigations, ribbon samples were produced from a
Tig;CusgFe, sZr; 5Sn,Si1Ag, alloy using melt spinning. These
ribbons served as independent working electrodes with a large
surface area, making them highly suitable for in-depth surface
analytical research.

To characterize the microstructure and the thermal properties
of the as-spun ribbons, DSC and XRD investigations were per-
formed. The DSC scan in Figure 1 confirms the glassy nature of
the ribbon. Upon heating (after a preheating for structural relax-
ation), an endothermic event sets in at T, (onset) = 645 £ 2K,
which can be attributed to the glass transition to the undercooled
liquid. Subsequently, a crystallization event is observed starting
at T,; (onset) =701 & 2 K. From these temperatures, an under-
cooled liquid region of AT, =56 & 2K is derived. These results
are similar to those reported in earlier literature for this BMG
composition, i.e., for ribbons and cast rods measured with the
same heating rate.’ Upon further heating, a second main
crystallization event occurs with a main exothermic peak
(Txa (onset) =809+ 1K) accompanied by two characteristic
shoulders, similar to what was observed in the literature,™* indi-
cating a complex thermal crystallization scheme of the glassy alloy.
An exemplary XRD pattern of the Tiy;CussZr;sFe;sSn,SiiAg,
glassy ribbon is shown in the inset in Figure 1. The broad peaks
on the wheel and airside indicate that the ribbon is amorphous,
and the lack of sharp reflections reveals the nonexistence of crys-
talline side phases.

In general, from the thermal analysis it can be concluded, that
this metallic glass is very stable, and therefore, the subsequent
electrochemical treatments at 60 °C will not affect the alloy sub-
strate state.
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Figure 1. DSC curve recorded with a heating rate of 0.33 Ks™', after struc-
tural relaxation preheating up to 673 K with inset XRD pattern measured in
the transmission mode of a Tiy;CussZry sFe; sSn,SiAg, ribbon material
wheel and airside.

3.2. Surface Modification by Electrochemical Pseudo-Dealloying

3.2.1. Potentiodynamic Polarization of Glassy
Ti47Cu3ger5Fez'55n25i1Ag2 in 5m HNO3 Solution

In the first step, the electrochemical reactivity of the glassy
Tis;CusgZry sFe, sSn,SijAg, alloy was generally assessed.
Potentiodynamic polarization curves of the ribbon samples in
5 M HNOj solution at RT and 60 °C are shown in Figure 2, these
were recorded after 30 min of OCP stabilization (inset). The OCP
at both conditions manifests a characteristic initial behavior.
In the case of the one recorded at RT, there is an increase of
potential over time, thus exposing the formation of a passive film.
For the one at 60 °C, there is a decay of potential over time, which
is linked to the surface activation of the alloy.

Potentiodynamic polarization curves at RT show the typical
behavior of an air-aged Ti-based metallic glass sample with
low corrosion reactivity and stable anodic passivity. This trans-
lates into a very low corrosion current density
(feorr) <1 X 1077Acm ™2 and a gradual anodic transformation
to a current density plateau of about 2 x 107> A cm™?, before
reaching the water decomposition regime. Despite HNO3 being
known for selectively dissolving Cu,>***! the high corrosion
resistance in the concentrated electrolyte also suggests that these
are not the appropriate conditions to induce selective surface dis-
solution processes. According to the Cu-H,O (at 25 °C) potential-
pH value diagram,? Cu dissolution can be expected from the
beginning of the anodic regime. Nonetheless, the rapid and
strong passivating nature of the valve metal constituents, Ti
and Zr, suppresses this process. This fact was earlier discussed
in detail for Zr-based glasses.!**®>”)

However, when increasing the electrolyte temperature to
60°C, the electrochemical activity of the glassy alloy, as well
as the Cu selective dissolution and the formation of the passive
layer, are significantly enhanced. The corrosion current density

Adv. Eng. Mater. 2024, 2302206 2302206 (5 of 15)
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Figure 2. Potentiodynamic  polarization ~ curves  of  glassy
Tis7CusgZry sFe, sSn,SitAg, alloy samples in 5mM HNO; solution at RT
and 60 °C, measured with a potential scan rate of 1 mVs™". The arrows
indicate anodic potentials which were selected for further potentiostatic
studies; inset: previous OCP stabilization at RT and 60 °C.

(fcorr) is increased by two orders of magnitude reaching a value of
1x10°Acm 2 and the corresponding corrosion potential
(Ecorr) is shifted in the negative direction by about 30 mV com-
pared to the RT value. This free corrosion enhancement is due
to both accelerated anodic and cathodic partial reactions. Upon
anodic polarization, a direct transition into a current density pla-
teau region without a significant active—passive peak is observed.
In the plateau regime, the current density increases only
gradually from 1x 10 *Acm 2 at 0.75V versus SCE to
1.8 x 107*Acm™ at 1.6V versus SCE. These values are about
one order of magnitude higher than those measured at RT,
but still account for a passive behavior with higher oxide film per-
meability. Therefore, we define this as a “pseudo-passive” state. At
potentials higher than 1.6 V versus SCE, a steep current density
increase occurs, which indicates a transpassive regime where
alloy surface oxidation is superimposed by water decomposition.

Since in pretests (Figure S1, Supporting Information), no sub-
stantial surface changes were observed when operating at RT, the
elevated temperature conditions were considered a critical and
decisive factor for the expected anodic pseudo-dealloying to
occutr.

These polarization curves were used to identify the appropri-
ate conditions for further studying potentiostatic pseudo-
dealloying. Different potentials, indicated in Figure 2 by arrows,
were selected within the pseudo-passive and the transpassive
regime at 60 °C to analyze the effect they had on the morphology,
thickness, and composition of the developing surface layers.

3.2.2. Potentiostatic Polarization of Glassy
Tis7CuszgZr; sFey sSn,Si;Ag, at 1V versus SCE in 60°C 5m
HNOj; Solution

In a potentiostatic polarization experiment using 5 M HNOj; solu-
tion at 60 °C, the potential of the glassy working electrode was
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stepped from an OCP value reached after 10 min to a selected
potential in the anodic regime (derived from Figure 2).
Exemplary, a double logarithmic current density versus time
dependence (current transient, log—log plot) curve, as response to
the applied potential of 1V versus SCE in the pseudo-passive
region is shown in Figure 3. This is used as a reference to clarify
the mechanism involving the electrochemical pseudo-dealloying
process. The transient curve has a characteristic shape in which
three different regions can be distinguished. Region I exhibits an
initial strong decay of the current density up to about 50 s. This
performance is typical for a passive film growth based on Ti- and
Zr-based metallic glass surfaces. Such behavior at RT (and in this
case for the treatment performed at 60 °C) with nearly exponen-
tial decay was ascribed to a predominantly high-field oxide
growth mechanism, which is typical for valve metals, here,
Ti and Zr. This fast selective-element oxidation yields an accu-
mulation of Cu species (and maybe other minor constituent
species) in near-surface regions.[3’56’57] Region II commencing
from 50 to 350 is characterized by a small peak of the current
density. It is assumed that a temporary breakdown of the passive
film occurs, thus allowing surface dissolution, i.e., mainly of Cu
species from the enriched subsurface region.’® Finally, in
region III the transient reaches a nearly plateau-like region with
a low current density level of about 6 x 107> Acm™2 at about
350s and with a gradual increase to about 8 x 10> Acm 2 at
3600 s which is likely due to further growth of oxide films on
the alloy surface. The results from different complementing
characterization techniques are presented below as supporting
evidence for the occurrence of these processes for each region.
Glassy samples were polarized at a potential of 1 V versus SCE up
to an end time point of a respective transient region and then, the
air ribbon sides were subjected to surface analytical studies using
FE-SEM and AES chemical depth profiling, as shown in Figure 3
and 4. For that, electrochemical experiments were stopped after
40s (region I), 300s (region II), and 3600s (region III) of

www.aem-jou rnal.com

applying potential. The surface of a ribbon sample corresponding
to region I did not show any distinct features compared to that of
the as-spun state, indicating a similarly very smooth surface. On
the contrary, in the case of the sample for which the polarization
was stopped at region II, the first weak features of surface nano-
roughness can be appreciated. While in the case of region III, the
pronounced formation of a nanoporous structure, with character-
istic pores and ligaments, is evident.

An XRD pattern in transmission mode corresponding to
region III confirmed the amorphous nature of the ribbon sample
after the pseudo-dealloying process (Figure S2, Supporting
Information).

Moreover, samples were subjected to AES analysis with sput-
ter depth profiling to obtain the chemical composition informa-
tion in near-surface regions. Only the main constituents of the
Tis;CusgZry sFe, sSn,SijAg, alloy, namely, Ti, Zr, and Cu, as
well as oxygen (O) were considered, while the other minor con-
stituents remained below the detection limit. Representative
depth profiles of alloy surfaces, which were polarized at 1V ver-
sus SCE in 5 M HNO; solution to different endpoints and of the
as-spun surface state are shown in Figure 4.

In general, the profiles here show initially high concentrations
of oxygen, which decay with increasing sputter times. Whereas,
the major metallic component Ti starts at minimum concentra-
tions, which then correspondingly increase. These profile trends
indicate the presence of an oxide layer at the surface. In such
cases, the half value of the maxima and minima plateaus of
the O profile can be considered the oxide/bulk interface
region.>®!

In Figure 4a, the as-spun surface reveals an oxide region with
approximately 8 nm thickness, as derived from the O profile
(considering a standard sputter rate in SiO, of 6nmmin™).
The formation of these films, which are mainly composed of
Ti-oxide species, is attributable to spontaneous passivation dur-
ing storage under ambient conditions (air-aging). Further, a

05 I 1l

Region |

Current density, i (mA/cm?)

RN

11 Region Il

Regnoﬂll “4}' ,y}

1 10 100
Time, t (s)

T
1000

Figure 3. Current density transient (log—log plot) of a glassy Tis;CusgZr; sFe; sSn,Si;Ag;, alloy sample recorded during potentiostatic polarization at 1V
versus SCE in 5 M HNO; at 60 °C and FE-SEM images of ribbon surfaces (airside) taken after polarization different time points of the three characteristic

regions: after 40s (region 1), 300s (region Il), and 3600s (region Ill).
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Figure 4. a) AES chemical depth profiles considering Ti, Zr, Cu, and O of the as-spun (air-aged) state, after polarization: b) after 40 s (region 1), c) 300 s
(region 11), d) 3600 s (region Il1), and e) normalized Cu/(Ti+Zr) ratios of surface states of the glassy Tis;CusgZr; sFe; sSn,Si;Ag; alloy (air ribbon side)
derived from the profiles in (a—d). Dashed vertical lines (a—d) and colored arrows (e) indicate the depth extent of the oxide film, derived from the oxygen

profile and a sputter rate of 6 nm min™":

slight enrichment of Cu near the oxide/metal interface can be
seen, analogous to reported results for Zr—Cu-based BMGs in
as-prepared passivated state due to the selective oxidation of
the valve metal constituents.>*>”!

Note that the atomic concentrations of the main constituents
in the alloy substrate region strongly deviate from the nominal
bulk composition of the alloy (confirmed by ICP-OES). Besides,
the exclusion of the minor alloy constituents from the analysis,
this is attributable to measurement uncertainties inherent to the
technique and sputtering effects.”® Nevertheless, under similar
experimental conditions, near-surface regions can be compared
to determine significant differences.

After electrochemical treatment until the end of region I in the
transient (in Figure 4b), the oxide film thickness further
increased slightly, i.e., up to 12nm. Here, Ti species, as well
as Zr species, are present in the outermost regions, while Cu
enrichment near the oxide/bulk interface is slightly more pro-
nounced (note the different sputtering time scales). This con-
firms that, in the first decaying region of the current density
transient, predominantly a further passive film growth of mainly
Ti and Zr occurs.

For alloy samples exposed for longer times to the potentio-
static treatment at 1V versus SCE, thicker oxide film regions
are detectable, i.e., about 14 nm after transient region II (300 s)
in Figure 4c, and about 22nm after region III (3600 s) in

Adv. Eng. Mater. 2024, 2302206 2302206 (7 of 15)

(a) 8 nm, (b) 12nm, (c) 14 nm, and (d) 22 nm.

Figure 4d. Owing to the nanoporous oxide film nature generated
in region III (SEM image, Figure 3), the depth profile slope for
oxygen is less steep, but the film mainly comprises of Ti-species.
In addition, the Cu maximum in the depth profiles is apparently
lower and is shifted to longer sputtering times.

The changes in the relative concentrations of Cu across the
depth profile for each specimen could be more clearly appreci-
ated by plotting the ratio of the Cu concentrations to the amount
of the main metallic elements of the oxide layer (Ti and Zr), Cu/
(Ti+ Zr), against the sputtering time (Figure 4e). To more effec-
tively see the difference among the samples, the values were also
normalized to the highest Cu/(Ti + Zr) value in the as-spun sam-
ple. In Figure 4e, increasing oxide thickness (based on the
increasing sputtering time), corresponding to the oxide/bulk
interface (arrows) starting from the as-spun (representing the
air-aging oxide) to increasing potentiostatic polarization times
(increasing from region I to region III), can be observed.
First, the effect of the electrochemical treatment in growing
the oxide even for a short time of 40s can be noticed, clearly
showing the fast oxidation process occurring in region I of
the transient. Then, at region II, the passive film breakdown tem-
porarily occurs simultaneously with the oxidation, leading to a
small increase in the thickness. At region III, continuous passive
film growth occurs gradually, and after 3600, a thicker oxide is
obtained. This occurs at a slower rate than the oxidation at region
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I such that after 3600s (90x of 40s), the thickness increase is
less than twice the size of the thickness obtained with the fast
oxidation process.

The values of the normalized Cu/(Ti+ Zr) ratios further
emphasize the Cu enrichment near the oxide/bulk interface,
distinctly showing the maximum in the curves, which decreases
as the electrochemical treatment progresses (i.e., as-spun
(air-aged) > region I > region II > region III). A high ratio value,
almost similar to that of the as-spun sample for the region I
curve, matches the accumulation of the Cu species occurring
near the interface (green arrow) which would be expected due
to the fast selective-oxidation process. The Cu dissolution occur-
ring in region II results in a lowered (by ~15% compared to
region I) ratio value. In region III, the selective-element oxidation
occurs at a slower rate, resulting in a lower Cu accumulation.
Possibly, the even lower value is also due to Cu still dissolving.
The Cu dissolution however is less likely due to the slower dif-
fusion through the thicker oxide barrier, resulting in a smaller
decrease in the value (%10% vs region II maximum) than the
decrease of the Cu ratio due to the dissolution in region II.
As such, considering the lower Cu accumulation due to the
slower selective oxidation and likely lower amounts of Cu disso-
lution, the ratio here is #25% less than the as-spun and region I
maximum.

XPS analysis was also performed on the surface-near regions
of the electrochemically-treated ribbon sample, i.e., at 1V versus
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SCE for 3600s (end of transient region III), and of the as-spun
sample as reference. The detailed spectra for Cu2p, Ti2p, Zr3d,
and Ols states are shown in Figure 5.

It is worth mentioning that all the components except Fe were
detected but only the relevant ones for this study (Cu, Ti, Zr, and
O) are shown.

For the discussion, only the spin-orbit peaks with the highest
area ratio, i.e., Ti2ps,,, Zr3ds);, and Cu2p;,,, will be considered.
The peaks in Ti2p,,;, Zr3d;),. and Cu2p,, are overlapped and
the interpretation of their oxidation states is more intricate.
Nonetheless, because of the nature of the splitting, any assump-
tion made from the first peaks will subsequently apply to the sec-
ond ones.

For Ti2p (Figure 5a), the oxidation state Ti(0) can be detected
at 454 eV in both samples. The as-spun sample presents a char-
acteristic peak at 458.8 eV, which corresponds mainly to the con-
tribution of the oxidation state Ti(IV). The treated sample
presents the same peaks shifted to a higher binding energy
(BE), 459.2eV. In addition, the presence of Ti(III) at 457.3 eV
can be noted in both samples due to the shape asymmetry of
the peaks.*” The shift to higher BEs can be attributed to the
reduction of the work function of Ti caused by the dissolution
of Cu in the near-surface regions due to the electrochemical treat-
ment, changing the environment around Ti.

Regarding the Zr3d spectra (Figure 5b), in both as-spun and
treated samples, the presence of Zr(0) can be distinguished by
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Figure 5. XPS analysis considering: a) Ti2p, b) Zr3d, c) OTs, and d) Cu2p surface states of the glassy Tis;CussZr; sFe; sSn,SiiAg, alloy (air ribbon side)
after an electrochemical treatment in 5M HNO; 60°C at 1V versus SCE for 3600s (treated) and of the as-spun (air-aged) state (as-spun).
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the peak presented at 178 eV. The as-spun sample exhibits a dis-
tinctive peak at 182.3 eV, which corresponds to the oxidation
state Zr(IV). Following the same scenario as Ti2p, the treated
sample presents the same peak shifted to a slightly higher BE,
182.9 eV, for the same reason. Also, both samples present peak
asymmetry attributed to the presence of Zr(III).

For the O1s spectra (Figure 5c), two main peaks can be differ-
entiated, the so-called structural oxygen at 530 eV corresponding
to coordination with Ti(IV) and Zr(IV) (i.e., as nonhydrous
oxides) and another at 532-533 eV which can be associated with
the presence of hydroxides (coordinated to Cu(II) or to Ti and
Zr),>*% but also possibly due to some organic C-O bonds indi-
cating the presence of carbon in the atmosphere. It can be
noticed that in the case of the treated sample, the structural oxy-
gen peak is dominating. This fact can be explained by the thicker
oxide layer formed after the electrochemical treatment and the
lack of Cu(Il) in the oxide film (see below), leaving O atoms more
free to coordinate with Ti and Zr. In addition, in the absence of
Cu(Il) to form hydroxide species (-OH), Ti and Zr can build
hydrous oxides.

In the case of Cu2p (Figure 5d), two different oxidation states
can be identified. In the as-spun, the main peak appears at
933.1eV, this value corresponds to the oxidation state
Cu(0).°V In addition, a collection of strong satellites in the range
of 940-945 eV can be observed. This characteristic feature is
attributed to the oxidation state Cu(lI), which is likely due to
the formation of Cu oxide during air exposure. The shoulder
appearing in the peak at 934.8 eV is associated with the presence
of hydroxides (and with the corroboration of the strong peak in
the O1s spectrum at 532 eV), likely due to the cleaning process.
In the case of the treated sample, Cu satellites were not detect-
able, therefore, the presence of Cu(Il) can be ruled out. The
defined peak at 932.7 eV can correspond to the oxidation state
Cu(0) or Cu(l). With the additional information of the Cu-
LMM lines (Figure S3, Supporting Information), it can be
deduced that the treated sample presents the oxidation state
Cu(0). Altogether, the as-spun sample surface presents a thin
oxide film formed by air-aging with the main presence of
Ti/Zr(IV) nonhydrous oxides, a mixture of Cu(0) and Cu(Il),
the latter forming hydroxides (and likely also nonhydrous oxides)
and minor presence of Ti/Zr(0) and Ti/Zr(III). Whereas the
treated sample exhibits a nanoporous thicker oxide film formed
due to the selective Cu(0) oxidation and subsequent dissolution.
It also shows a major contribution of Ti/Zr(IV) nonhydrous
oxides due to the growth of the film and minor presence of
Ti/Zr(0) and Ti/Zr hydrous oxides due to the spontaneous
and succeeding reactions with HNO;. It is worth mentioning
that the presence of Cu is only in its metallic state in the oxide
film. This could possibly mean that Cu is in the alloyed form, i.e.,
coordinated to other metallic species such as Ti, Zr, and/or
another Cu. Since the growth of the oxide film and its nanopo-
rous state forming ligaments requires a rearrangement of the
structure, it is likely that at some point Ti and/or Zr oxides
are not coordinated to O or OH but instead to Cu (and the other
metallic species). Such occurrence could, therefore, result in Cu
being confined within the alloy unit, preventing its further oxi-
dation and dissolution.

In the results of SEM, TEM, AES, and XPS surface characteri-
zation of as-spun and electrochemical treated states and fusing
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the Pourbaix diagrams (calculated at RT),*? the following funda-
mental reaction scheme occurring on the electrode surface dur-
ing the pseudo-dealloying process in 5M HNO; at 60°C is
presented.

In region I of the current transient (Figure 3) and agree with
the corresponding AES measurements (Figure 4b), initial surface
state transformation processes include rapid and short passive
film formation. Here, a thin barrier-type Ti- and Zr-oxide film
(12nm) with Cu (and minor species) accumulation in the
near-surface region is formed following reaction:

Ti(Zr) + 2H,0 — Ti(Zr)O, + 4H* + 4e (1)

Local film breakdown allows Cu (and minor species) dissolution
in the near-surface regions in region II of the transient, governed
by the reaction:

Cu’(Me®) — Cu?t(Me™t)+2e (ne”) (M = Fe, Sn, Ag) (2)

Since it is in a very aggressive environment, the above-listed ele-
ments can dissolve even without anodic polarization (but requir-
ing longer times), therefore the following reaction is also
contributing to the dissolution:

Cu®(Me®) + 2NO3~+4H" — Cu?*(Me™")

+2NO; +2H,0 (M = Fe, Sn, Ag) Gl
The growth of the oxide layer is simultaneously taking place, as
demonstrated in AES but to a minor degree.

The growth of the oxide layer with a nanoporous morphology
in region III is slower compared to that in region I. This is sup-
ported by the current transient and AES data, which demonstrate
that it took 40 s to form a 12 nm layer and 3600 s to increase the
layer to 22 nm in region III (Figure 3 and 4b,d). This is due to the
fact that in the course of anodization, the oxide layer undergoes a
simultaneous process of thickening and dissolution (Ti(Zr)O*").
This involves the formation of Ti/Zr(III) hydrous oxides, as iden-
tified in XPS (Figure 5a,b), under the influence of an aggressive
electrolyte. These processes contribute to the development of a
porous morphology and topography, as observed in SEM,
TEM, and AFM:

H,0 2H'+2e” 2H,0 Hf+e~
Ti(zr) 2, Ti(zr)0 -2, Ti(Zr)(OH),
H+e™
N~ Tizr)0, H,0
3H,0
2Ti(Zr)(OH), S—Z Ti(Zr)3* /(Ti(Zr),05)
%0,+2H,0 4H*te~ 2H*  H,0
N 7 Ti@zno, M Ti(zr)o*

)

Another reason added for the slower growth rate could be the
difficulties faced by O and M species in diffusing through the
thicker porous oxide film barrier. This fact is also possibly
why the Cu accumulation is lower in region III. Further, accord-
ing to XPS, Cu is trapped in its metallic state. The coordination of
Cu with oxidized Ti and Zr atoms prevents its further diffusion,
oxidation, and dissolution, inhibiting further pore formation that
will expose Ti/Zr(0) to the electrolyte for further oxide formation.
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An obstacle of these bulk glass-forming alloy compositions
(here Tiy;CusgZry sFe, 5Sn,SijAgy) is that unlike real dealloying
processes on metal alloys in solid solution(***%! and as described
for binary Ti—Cu alloys with an excess of Cu, like TisCugo,P+>)
the main dissolving species Cu (together with the minor species)
are not in excess concentration in the alloy substrate, this also
contributes to the strong limitation of the surface reaction
progress.

3.2.3. Effect of Anodic Potential and Anodization Time on the
Nanoporous Layer Growth

In the next step, the influence of different applied anodic
potentials on surface transformation reactions of the glassy
TiyyCusgZry sFe, sSn,SiiAg, alloy in 5M HNO; solution at
60 °C was investigated. According to the potentiodynamic polari-
zation curve presented in Figure 2, specific potentials from the
pseudo-passive and from the transpassive region were selected
and potential step experiments were conducted. Figure 6 illus-
trates the corresponding current density transients. At all poten-
tials, the general transient shape is very similar to that described
in detail in Section 3.2.2. Especially at potentials in the pseudo-
passive regime (0.75-1.6V vs SCE), the three characteristic
regions are clearly visible, indicating that the described surface
transformation processes for pseudo-dealloying occur. With
increasing potential, the overall current density level increases
(as expected). While the slope of the linear regime in region I
remains nearly constant, the onset of the Cu peak of region II
shifts to earlier times and transforms into a shoulder.
Consequently, the onset of region III for nanoporous oxide for-
mation also occurs earlier. These are all indicators for faster
potential-driven alloy surface transformation kinetics.
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Figure 6. Current density transients (log-log plot) of glassy
Tis7CusgZry sFe, sSn,SivAg, alloy samples recorded during potentiostatic
polarization at different potentials in the pseudo-passive and transpassive
regions (as indicated in the polarization curve in Figure 2) in 5mM HNO;
solution at 60 °C.
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At potentials in the transpassive regime, alloy surface oxide
formation and dissolution processes are superimposed by
the water decomposition reaction with oxygen (O,) evolution.
This explains the substantially higher current density levels of
the respective transients in which the initial transformation
regions are hardly visible. Despite the fact that oxygen can
enhance the alloy surface oxidation by chemical side reactions,
it also causes a further local acidification of near-surface electro-
lyte regions.

Further, at these elevated potentials, a stronger driving force
for the Cu dissolution is given. In the case of an applied potential
of 2V versus SCE, severe surface reactions were expressed by a
continuously high current which led to the rupture and degrada-
tion of the glassy ribbon sample after less than 900s of
anodization. In the case of binary alloys, Ti-Cu with an excess
of Cu content, a potential-dependent surface electropolishing
was described under similar electrolyte and polarization
conditions.

Altogether, this restricts the applicability of the pseudo-
dealloying process for the Ti—Cu-based bulk glass-forming alloy
to a potential regime of the pseudo-passive and early transpassive
state.

After the potential-dependent surface treatments in 5 M HNO;
solution at 60 °C for a period of 3600 s, the ribbon surfaces (air
side) were comparatively analyzed with FE-SEM and TEM after
FIB cutting.

Figure 7 summarizes typical SEM images of the obtained sur-
face states together with that of the initial as-spun state
(Figure 7a) as reference. Moreover, a TEM image of the surface
cross-section of the as-spun state reveals the presence of the
smooth and dense air-formed passive film with thickness below
about 10 nm (Figure 7b). All anodically treated samples show the
presence of nanoligaments leading to nanopores at their surface.
The surface of the samples after each stage of anodization
presents a very homogeneous nanoporous morphology with dis-
tinct pore and ligament sizes. The treatment at the lowest poten-
tial of 0.75V versus SCE (Figure 7c) resulted in an incomplete
nanostructure formation, as seen in the form of small dispersed
white artifacts of nonreacted surface areas which are all over the
surface. In addition, it has the smallest mean pore size of
12 + 2 nm, with a ligament size of 8 + 1 nm. The sample treated
under a potential of 1V versus SCE (Figure 7d) shows the most
pronounced structure with the biggest pore size; 18 + 3 nm and
the smallest ligament size; 6+ 1nm. A TEM image of the
surface cross-section of this sample is provided (Figure 7e).
Rounded crevices can be observed in the TEM cross-section cor-
responding to the formation of the nanopores, and the lighter
image contrast in the area following the contour of the crevices
indicates the presence of a continuous oxide layer. Remarkably,
taller spikes of oxide material, up to 15-20 nm in length, can be
observed delimiting the nanopores. The length of the observed
oxidic spikes is in good agreement with AES depth profile data
(Figure 4).

At higher applied pseudo-passive potentials of 1.25, 1.4, and
1.6 V versus SCE (Figure 7f-h), the nanoporous structure dimen-
sions do not reveal significant changes, showing 14 +2, 13 £+ 3,
and 14 + 3 nm pore sizes and 10 +2, 9+ 2, and 10 + 2 nm liga-
ment sizes, respectively.
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Figure 7. Tis7CussZr; sFe; sSn,SiiAg, glassy ribbon samples (air side): a) SEM image as-spun state, b) TEM FIB cut cross-section as-spun state, SEM
images of the potentiostat-treated surfaces at different potentials in 5 M HNOj; solution at 60 °C for 3600s c) 0.75V, d) 1V, and e) TEM FIB cut for 1
(thickness indicated in red) V, f) 1.25V, g) 1.4V, h) 1.6V, i) 1.7V, j) pore and ligament size graph, and k) AFM image of the sample treated at 1.25 V.

Figure 7i shows the nanoporous structure of the sample
treated at 1.7 V versus SCE, i.e., relatively close above the transi-
tion to the transpassive region (Figure 2), where accelerated sur-
face reactions are expected. This effect is observed in the shape of
the ligaments and pores, which in comparison, look more diffuse
and not as clearly defined as the samples treated at pseudo-
passive potentials. Further, SEM images of sample surfaces
obtained at a potential of 1.8V versus SCE (not shown here)
did not show any nanoporous structuring. This confirms the
aforementioned statement, in the transpassive regime, the
increased anodic current is mainly due to side reactions (water
decomposition), triggering alloy surface dissolution rather than
the nanoporous oxide formation.

In comparison to the sample treated at 1V versus SCE, the
ligament size has increased while the pore size has been reduced

Adv. Eng. Mater. 2024, 2302206 2302206 (11 of 15)

(Figure 7j). Figure 7k shows an exemplary AFM image taken
from a sample surface that was treated at 1.25V versus SCE.
The image analysis revealed a nanoporous surface architecture
with mean values for the pore and ligament sizes similar to
the ones determined from FE-SEM image analysis, thereby con-
firming the accuracy of the method. Average roughness of
5.4+ 0.3 nm was detected.

Additionally, the composition and thickness of the
nanoporous oxide layer formed on the glassy alloy samples upon
polarization at different potentials in the pseudo-passive
region for 3600s, were investigated by AES sputter depth
profiling (Figure S4, Supporting Information). Only the main
constituents Ti, Zr, and Cu as well as oxygen O of the
Tiy;CusgZry sFe, sSn,SijAg, alloy were considered, while the
other minor constituents remained below a reliable detection
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Figure 8. Oxide layer thickness values determined from AES chemical
depth profiles of Tis;CussZr;sFe;sSn,SiiAg, glassy ribbon samples
(air side): air formed passive film on as-spun state and oxide layers
obtained after potentiostatic polarization at different potentials in 5m
HNO; at 60 °C for 3600s; calculations are based on a standard sputter
rate in SiO, (6 nmmin~").

limit for analysis. The profiles are very similar to the one pre-
sented in Section 3.2.2 after 3600s at 1V.

From the analysis of the oxygen depth profiles, the oxide layer
thickness values were derived and they are exhibited in Figure 8.
Compared to the low thickness <10 nm of the dense air-formed
film on the as-spun ribbon surface, increasing the applied
potential of the anodic treatment, generally increases the nano-
porous layer thickness up to a value of about 34 nm at 1.4 V ver-
sus SCE.

In further studies, the possibility of increasing the oxide layer
thickness with a longer anodization time at a passive potential
was tested. As after 3600, the thickest nanoporous layer was
obtained when applying 1.4V versus SCE, this potential was
selected to carry out the time-dependent investigation.

AES depth profiling analysis was performed on a glassy
sample surface after 21600s (6h) of the anodic treatment.

@) [~ O—e— Ti—4—Cu—v—2r| (b)

www.aem-journal.com

However, no increase of the layer was observed, on the contrary,
there is a reduction of the oxide layer thickness from 34 nm after
3600 s (Figure 9a) to 24 nm after 6 h (Figure 9b). From the SEM
image in Figure 9c in comparison to that in Figure 5g, it is
revealed that prolonged anodization leads to less pronounced
nanoporosity morphologies pointing to the formed nanoporous
structures discussed in Section 3.2.2. Longer exposure times in
concentrated HNO; at anodic conditions may lead to the forma-
tion of hydrous oxides/TiO*", which are soluble in HNO; and
therefore decrease the thickness of the oxide film, as shown
in the reaction mechanism in Section 3.2.2.

4. Effect of the Surface Pretreatment on the
Corrosion Behavior of the Glassy Ti Alloy in a
Simulated Physiological Solution

The corrosion performance of glassy Tis;CussZr; sFe; sSn,SijAg,
ribbon samples was analyzed in PBS solution at 37 °C and pH of
7.4 and, the impact of the pseudo-dealloying electrochemical
pretreatment in 5M HNO; solution at 60°C was evaluated.
A pretreatment applying a potential of 1V versus SCE for
3600 s was selected, as it yielded the best combination of a homo-
geneous nanoporous oxide layer with defined morphology and
enhanced thickness, as well as a depleted Cu content in near-
surface alloy regions, as described in the previous section.

Cp-Tiwas used as a clinically relevant reference material and it
was tested in polished and air-aged (nontreated) state and also,
after the electrochemical pretreatment described above. This
aimed at inducing passivation and rendering it more comparable
to the surface states of the glassy ribbon samples. No relevant
change in the cp-Ti surface after the pretreatment was observed
(Figure S5, Supporting Information).

Figure 10 shows exemplary linear potentiodynamic
polarization curves of glassy alloy samples in air-aged as-spun
state (nontreated) and after the pretreatment, as well as
of cp-Ti samples nontreated and pretreated states. Mean values
of current corrosion density (ico,r), corrosion potential (E.o,), and
passive current density (ipass) at 1V versus SCE are reported in
Table 2.
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Figure 9. a) AES chemical depth profiles considering Ti, Zr, Cu, and O of the glassy Ti4;CusgZry sFe, sSn,Si;Ag, alloy (air ribbon side) after polarization at
1.4 V versus SCE for 1 h and b) 6 h. Dashed vertical lines indicate the approximate extension of the oxide film, derived from the oxygen profile. c) FE-SEM
image after potentiostatic polarization at 1.4V versus SCE in 5m HNO; solution at 60 °C for 6 h.
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Figure 10. Potentiodynamic polarization curves measured in PBS (pH 7.4)
at 37°C for glassy Tis;CusgZrssFe, sSn,SiyAg, ribbon samples and Ti
sheets in air-aged or as-polished air-aged states (nontreated), respectively,
and after anodic pretreatments at 1V versus SCE for 3600 s in 5m HNO3
solution at 60 °C.

Table 2. Corrosion parameters extrapolated from at least three different
potentiodynamic polarization curves of Tiy;CusgZr; sFe, sSn,SivAg, and
cp-Ti: corrosion current density (icorr), corrosion potential (Ecorr), and
passive current density (ipass) measured at 1V versus SCE.

Sample icon 10 8Acm™ @ Ec [Vscel  pass [10 *Acm 7]
Nontreated cp-Ti 5.5+25 —0.28+0.13 11.4+3.7
Nontreated glassy alloy 57+1.6 —0.13+0.01 -
Pretreated glassy alloy 5.5+25 0.03 +0.05 120£1.5
Pretreated cp-Ti 17.8 +20.1 0.19£0.01 13.3£35

Under free corrosion conditions, (which are reflected by
the low polarization regime near the initial current density
minimum), a pretreatment effect is not yet evident.

In comparison to the nontreated cp-Ti, the nontreated glassy
alloy shows more positive E.,,, values, i.e., by about 150 mV.
The potential effect is attributed to the multicomponent alloy
composition with contribution from more noble constituents,
e.g., Cu, (Fe, Sn, Ag). Already in the nontreated state, the glassy
Ti—Cu-based alloy exhibits a very low corrosion density in the
range of 5.5-5.7 x 10 ® Acm ™% This is similar to the value
for cp-Ti and hints to very low surface reactivities. For both mate-
rials, upon air-aging exposure and PBS pre-exposure at OCP for
60 min (not shown here), spontaneous passivation occurs. These
very thin passive films of valve metal oxides, i.e., Ti-oxides, and
for the alloy, Zr oxides, act as a strong barrier against free corro-
sive interaction with the chloride-containing solution. It has to be
emphasized that, the experimental corrosion parameter values
for the nontreated Tis;CusgZry sFe, sSn,Si;Ag, glassy alloy rib-
bon obtained here, agree reasonably well with literature data.
Polished cross-sections of cast bulk samples of this glass-forming
alloy were tested in PBS solution and similar low i, values in
the range of 5.5-5.7 x 107® A cm™2 were determined.™™¥
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After the electrochemical pretreatment in 5 M HNO3, for both
materials, a significant positive shift of the E,,, value in the PBS
solution is noticed in comparison to values measured for the
nontreated states. The i, values remained at a very low level.
This characteristic is explained by a transformation of the initially
very thin oxide barriers from an air-aging process to the thicker
Ti- and Zr-oxide layers generated by the pretreatment.

A reliable implant material must exhibit high corrosion
resistance within the stability range of water, i.e., especially
under anodic polarization conditions. Cp-Ti fulfills such a
requirement even in a polished and air-aged (nontreated) state.
The anodic polarization curve in Figure 10 demonstrates for non-
treated cp-Ti in PBS the commonly known behavior of a direct
transfer from the initial free corrosion state into a stable anodic
passivity, characterized by a wide plateau with low passive cur-
rent density values in the range of about 11 x 10 ®*Acm ™2
On the contrary, the nontreated glassy Ti-Cu-based alloy does
not fulfill the abovementioned requirement. Upon anodic
polarization in PBS solution, it shows typical features of
chloride-induced passivity breakdown and pitting corrosion. In
Figure 10, this is characterized by the steep rise of the
current density starting at about —0.09 V versus SCE. An SEM
image of such a ribbon surface after this polarization test in
PBS is shown in Figure 11. A collection of pits (Figure 11a)
and in higher resolution, a typical pit morphology (Figure 11Db)
can be observed on the air side of the ribbons. As mentioned
in the introduction, the fundamental pitting corrosion mecha-
nisms for these glass-forming alloys with the critical role of
Cu-species being enriched in near-surface regions of only
spontaneously passivated samples are known #2678
In the present study, the early passivity breakdown of the
nontreated glassy Tiy;CusgZrysFe, sSn,Si;Ag, alloy sample
compared to reported literature data for bulk samples!'* must
be attributed to the complex geometrical shape of the ribbons
employed here.

The effect of an electrochemical pretreatment of the glassy
alloy ribbons in a hot 5M HNOj; solution toward suppression
of the chloride-induced local corrosion processes is impressively
demonstrated here. In Figure 10, the anodic polarization curve of
a pretreated ribbon sample shows in the entire measured anodic
potential regime a stable passive plateau with ip, values of about
12 x 10"®*Acm™? and no indications for passivity breakdown.

Figure 11. SEM images showing typical pit morphologies on surfaces of
an air-aged as-spun (nontreated) glassy Tis;CusgZrssFe;sSn,SitAg,
sample after potentiodynamic polarization in PBS (after interruption at
a current density limit of 1x1072Acm™?), a) overview image and
b) morphology of an individual pit.
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This is similar to the behavior of the cp-Ti reference sample.
Further, SEM examinations of the glassy samples after the test
in PBS did not reveal the formation of corrosion pits (Figure S6,
Supporting Information).

Obviously, the preformed surface states with thicker nanopo-
rous Ti- and Zr-oxide layers and depleted Cu concentrations in
near-surface regions of the glassy Ti—Cu-based alloy are stable in
PBS solution and, they act as very effective barriers against chlo-
ride ion attack. Upon anodic polarization (i.e., positive charging)
of a metal surface, the adsorption of negatively charged chloride
ions is usually eased. In case of a nontreated glassy Ti-Cu-based
alloy surface, the enrichment of noble Cu species directly under-
neath the spontaneously forming passive film of Ti (and Zr)
oxides can enhance the chloride ion adsorption and therefore,
support a breakdown of the very thin and defective passive film.
This finally leads to pitting.>*”-*”?%! The depletion of the Cu con-
centration from near-surface regions of the glassy alloy together
with the thicker oxide layers, obtained by the HNOs3 pretreat-
ment, may have already weaken substantially the chloride ion
adsorption processes and thus, suppressed the very initial step
for pitting.

5. Summary and Conclusion

With  the example of the Dbulk glass-forming
Tiy;CusgFe, sZry 5Sn,Si;Ag, alloy, an electrochemical surface
treatment approach for improving pitting corrosion resistance
is presented. This treatment comprises potentiostatic polariza-
tion in the pseudo-passive potential regime of the glassy alloy
in 5M HNOj; solution at 60 °C. It was demonstrated that these
conditions are indispensable for inducing the desired surface
transformation processes, defined as pseudo-dealloying. These
lead to Cu-depletion in near-surface alloy regions and the gener-
ation of nanostructured valve metal oxide layers.

A mechanistic description of a possible pseudo-dealloying
process was suggested: starting with an initial passive film
formation, then a passivity breakdown with temporary Cu disso-
lution from near-surface regions, and eventually further, the
gradual growth of the nanoporous oxide layers with a mixed com-
position of hydrous and nonhydrous Ti and Zr oxides. However,
these surface processes on the glassy Ti—Cu-based alloy with no
excess concentration of Cu (relative to valve metal components)
are self-restrictive and therefore, the progression of the surface
transformation front remains limited.

As a general trend, it can be concluded that, although at all
pseudo-passive potentials such a process occurred, the most
complete electrochemical pseudo-dealloying of the glassy
TiyyCusgFe, sZr; 5sSn,S1;Ag, alloy surface was achieved by apply-
ing an anodic potential of 1V versus SCE. This led to the most
homogenous and defined nanoporous structure with the largest
pores and finest ligaments. Increasing the potential led to the
formation of wider ligaments and smaller pores in addition to
a thicker oxide layer. Prolonged polarization up to 6h did
not substantially increase the layer thickness. Moreover, the
nanoporous structure formation process is restricted to the
pseudo-passive regime, since in transpassive conditions surface
dissolution and degradation dominate.
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Further, it was demonstrated that, such a pseudo-
dealloying treatment is very effective for suppressing chloride-
induced pitting corrosion of the glassy alloy in a simulated
physiological solution. Within the anodic stability range of water,
a stable passive behavior which is similar to that of cp-Ti, was
obtained.

Thus, a strategy is proposed to overcome an obstacle for this
type of bulk-glass-forming Ti-Cu-based alloy regarding possible
application as implant material.

High GFA requires distinct alloy compositions, typically with
high Cu contents. The resulting amorphous nature of the
quenched alloy determines its beneficial mechanical perfor-
mance. Our proposed surface treatment reduces the Cu content
from near surfaces regions and enhances the corrosion resis-
tance. Additionally, with view of other studies, e.g., nanoporous
surfaces®?! or nanotubular oxide structures on Ti and Ti-Nb
surfaces,*’! these generated surface states of the glassy alloy
with nanoporous morphology of the oxide layers can provide
promising nanotopographies that can stimulate the response
of bone-forming cells. To analyze this is the subject of ongoing
studies.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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