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Abstract

The structure-mechanical property relationships of bulk metallic glass (BMG)
systems are assessed at various testing domains. By applying a series of materials
science concepts, extensive characterization is achieved conveying information
about thermo-mechanically driven structural relaxation and crystallization
behavior in specific groups of advanced glassy multicomponent systems. In

detail, the following studies of selected groups of alloys were carried out:

» The influence of severe plastic deformation (SPD) prompted by high-
pressure torsion (HPT) and isothermal heat treatment (HT) below the glass
transition on the structure-property relationships of CussZrisAls BMG 1is
investigated separately and alternately in reference to the as-cast state.
Controlled crystallization is attained through HT, and HPT was employed
afterwards to disperse crystals throughout the glassy matrix. The dispersion
of the second phase enhances the thermomechanical stability around the

super cooled liquid region.

» The viscoelastic behavior of four different bulk metallic glass BMG
systems, i.e., CuseZracAls, CusaZrsaAlgCos, CuasZrssAlgHfy, and
CusuZrisAlsCooHf,, was investigated concerning its deformation-mode
dependence via dynamic mechanical analysis (DMA) in 3-point bending
(TPB), tension, and torsion modes. Crystallization decreases the
viscoelastic contribution, whereas plastic deformation leads to an increase
in atomic mobility. Compared to CusecZrscAlg, 4 at. % Co addition in the
CusexnZrs6 x2AlgCox amorphous alloy leads to a glass showing relatively

higher thermomechanical stability around its glass transition.



» TigZr0CuzePdi4 BMG is envisioned as an oral implant material and its
performance was evaluated in comparison with the gold standard Ti—6Al-
4V implant material. DMA showed that these materials can be
thermomechanically shaped into implants. High-resolution transmission
microscopy and X-ray photoelectron spectroscopy revealed the formation
of a 15 nm thin copper oxide layer on TigZr;0CussPdi4 BMG. Unlike
titanium oxide formed on Ti—6Al-4V, copper oxide is hydrophobic, and its
formation reduces the surface wettability. A lower surface colonization of
bacteria is confirmed by field emission scanning electron microscopy and

fluorescent images.

» The prospects of TisZrioCuzsPdi4 BMG as oral implant material are
advanced in the aspects of processing and structure-dependent mechanical
performance. Insights into possible processing routes are provided, where
high-temperature compression molding via an optimized process was
adopted to both evaluate the thermoplastic net-shaping kinetics and tune
the specific properties of the alloy. Processed BMGs and BMG composites
of the same composition exhibit improved thermomechanical stability,
from which high strength retention at temperatures, compared to the cast
glass, by above 100 K higher is registered via dynamic mechanical

analysis.



Kurzfassung

Die strukturmechanischen FEigenschaftsbeziechungen von metallischen
Massivgliasern (engl.: bulk metallic glasses (BMGs)) werden in verschiedenen
Testdomdnen bewertet. Durch die Anwendung einer Reihe von
materialwissenschaftlichen Konzepten wird eine umfassende Charakterisierung
erreicht, die Informationen iiber thermomechanisch getriebene Strukturrelaxation
und Kristallisationsverhalten in bestimmten Gruppen fortschrittlicher glasartiger
Mehrkomponentensysteme  liefert. Im  Einzelnen werden  folgende

Untersuchungen an gewihlten Legierungsgruppen durchgefiihrt:

» Der Einfluss von starker plastischer Verformung (SPD) ausgelost durch
Hochdrucktorsion (HPT) und isotherme Waiarmebehandlung (HT)
unterhalb des Glasiibergangs auf die Struktur-Eigenschafts-Beziehungen
vom CuseZrssAls BMG wurde separat und abwechselnd untersucht in
Bezug auf den Gusszustand. Kontrollierte Kristallisation wurde durch HT
erreicht, und HPT wurde anschlieBend verwendet, um Kristalle in der
gesamten Glasmatrix zu dispergieren. Die Dispersion der zweiten Phase
verbesserte die thermomechanische Stabilitdt im Bereich der unterkiihlten

Fliissigkeit.

» Das viskoelastische Verhalten von vier verschiedenen BMG-Systemen, d.
h. CugeZrisAlg, CugaZrssAlgCoyq, CugsZrasAlgHE, und CugsZryAlsCo,HY,
wurde hinsichtlich seiner Verformungsmodusabhingigkeit mittels
dynamisch-mechanischer Analyse (DMA) in 3-Punkt-Biegung (TPB)
untersucht, Spannungs- und Torsionsmodi. Die Kristallisation verringert
den viskoelastischen Beitrag, wahrend die plastische Verformung zu einer
Erhohung der atomaren Mobilitdt fiihrt. Im Vergleich zu CussZrasAls, flihrt

4 at. % Co-Zugabe in der amorphen Cuus 27146 x2AlsCox-Legierung zu



einem Glas, das eine relativ hohere thermomechanische Stabilitit um

seinen Glaslibergang herum aufweist.

Tis0Z1r10CuscPd14.-BMG ist als Material fiir orale Implantate vorgesehen,
und seine Figenschaften wurden im Vergleich mit dem Goldstandard-
Implantatmaterial Ti—6Al-4V bewertet. DMA =zeigte, dass diese
Materialien thermomechanisch zu Implantaten geformt werden konnen.
Hochauflosende Transmissionselektronenmikroskopie und
Rontgenphotoelektronenspektroskopie zeigen die Bildung einer 15 nm
diinnen Kupferoxidschicht auf TisZr0CussPdis BMG. Im Gegensatz zu
Titanoxid, das auf Ti—6Al-4V gebildet wird, ist Kupferoxid hydrophob
und seine Bildung verringert die Oberflachenbenetzbarkeit. Eine geringere
Besiedlung der Oberfliche mit Bakterien wurde durch Feldemissions-

Rasterelektronenmikroskopie und Fluoreszenzbilder bestétigt.

Die Aussichten von TisZr0CussPdis BMG als orales Implantatmaterial
werden hinsichtlich der Verarbeitung und der strukturabhingigen
mechanischen Eigenschaften weiterentwickelt. Es werden Einblicke in die
moglichen Verarbeitungswege gegeben, wobei Hochtemperatur-
Formpressen iiber einen optimierten Prozess eingesetzt wurde, um sowohl
die Kinetik der thermoplastischen Verformung zu bewerten als auch die
bestimmten FEigenschaften der Legierung abzustimmen. Verarbeitete
BMGs und BMG-Verbundwerkstoffe derselben Zusammensetzung weisen
eine verbesserte thermomechanische Stabilitit auf, wodurch mittels
dynamisch-mechanischer Analyse eine hohe Festigkeitserhaltung bei um
iiber 100 K hoheren Temperaturen im Vergleich zum Guss-Zustand

festgestellt wurde.
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1 Introduction

1.1 Structure of metallic glasses

Metals are in general crystalline, but by cooling a molten metal at extreme cooling
rates one can avoid the crystallization and achieve an amorphous metal, also
called a metallic glass (MG). There are two types of glasses depending on their
base material, i.e., metal-metalloid glasses and metal-metal glasses. MGs are
multicomponent alloys with a composition close to a deep eutectic. X-ray
diffraction (XRD) is often used to signify the amorphous state, which can be
confirmed by transmission scanning microscopy (TEM). XRD of a MG is
expected to show two broad maxima, on which no sharp (crystalline) peaks are
superimposed (Figure 1a). TEM of a MG is expected to show mazelike patterns
(Figure 1b) and halo rings in selected area electron diffraction without any spot

distribution (Figure 1c).
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Figure 1. (a) XRD data, (b) high-resolution TEM, and (c) the corresponding selected area
diffraction pattern of the as-cast TisqZr10CussPdi+ BMG.

1.2 Glass-forming ability

Certain empirical rules have been laid down to elaborate whether an alloy can be
obtained in a glassy state [1]: The alloy needs to have three or more constituent
elements, large atomic radii mismatch between the constituents (above 12%), and

large negative mixing enthalpies of the constituents. The interior of bulkier



specimens cools down slower. So the critical cooling rate required to generate a
glass determines the critical casting thickness — the maximum thickness, to which
the sample can be glass throughout. The glass-forming ability (GFA) of the
material is often referred to as being either proportional to its critical casting
thickness or inversely proportional to its critical cooling rate. By convention, a
bulk metallic glass (BMG) is a metal with a critical casting thickness of at least 1
mm. The GFA depends on a chemistry makeup. Hence, a dense atomic packing
i1s a most clear trait observed in the best glass-forming BMGs [2]. From the
thermodynamic viewpoint, the crystallization driving force is defined as the
difference between the Gibbs free energies of the crystalline solid (X) and
supercooled liquid (L) phases, AG = (H, — TS;) — (Hx— TSx). H is the enthalpy,
T is the absolute temperature, and S is the entropy. In the supercooled liquid
region (SCLR = Ty, — Ty), 4G is always positive; of which, the higher values are
indicative of the stronger inclination of the liquid towards crystallization and
possession of lower GFA [3]. From a rheological viewpoint, the GFA is linked to
the viscosity #. The rearrangement of atoms in order to crystallize takes place
slower in viscous fluids. Supercooled liquids show an increase in viscosity as
being cooled down towards the glass transition. Strong configurations show a
high degree of restraint over its entire temperature range, whereas fragile
configurations become unrestrained at high temperature. Strong liquids have in
general higher GFA than fragile ones [4-6]. Thermodynamic and rheology are
connected, an example is the Adams-Gibbs relationship, # = Aexp{B/[TSc(T)]}.
A and B are constants and S¢ is the configurational entropy. Moreover, the feature
of lower 4G values and higher viscosity both have roots in the densely packed
atomic structure in the supercooled liquid. Dense packing in liquids is attained
via short-range order, with nearest-neighbor atoms organizing into crystalline
shells that can expand up to nanometers across [7]; in metal-metal alloys, the
shells are mainly icosahedral [8]. Such supercooled liquids are much alike

crystalline solids at atomic scales, though they are disordered in structure at the
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scales above. The Gibbs free energies of the liquid and solid phase are not of a
large difference. Besides, atoms in a tightly packed structure have more
difficulties moving past each other, the ordered arrangements result in increased

viscosity. In both respects, dense packing improves GFA [9].

1.3 Fabrication of bulk metallic glasses

Suction casting is one of the main techniques to fabricate BMGs. Fig. 1 shows a
2D demonstration of an arc melter with an in-situ suction facility. In this PhD
project, master alloys of CuseZrasAls, CussZrssAlgCos, CusaZrasAlsHfs,
CusaZrsaAlgCorHf,, and TispZr10CussPd 4 were prepared in a Buehler AMO.5 arc
melting system in a Ti-gettered argon atmosphere. The industrial-grade alloy
constituents of 99.8% purity were weighed with an accuracy of +£0.001 g. Rotary
and diffusion pumps were utilized to evacuate the system down to 10 mbar.
Upon melting, the current was raised to a maximum of 150 A. To homogenize
the ingots thoroughly, the melting was repeated four times. Using copper molds,
the CuZr-based alloys were cast afterwards into rectangular plates of 10 mm in
width, 75 mm in length, and 2 mm in thickness and the Ti-based alloys into rods
of 3 mm in diameter and 60 mm in length. The pressure gradient between the
mold cavity and the working chamber required for the suction was attained by
purging argon into the chamber. It is important to consider that the fabrication of
BMGs is limited to certain dimensions. Unfortunately, the reported critical
casting thicknesses vary slightly due to impurity of alloys and non-ideal casting

conditions.



Figure 2. A demonstration of an arc melter suction casting device

1.4 Glass transition

The glass transition event is a prominent transformation in MGs. It is first-order
phase transformations [10]. The glass transition temperature (75) is a cooling rate
dependent parameter. It shifts to lower temperatures by imposing lower cooling
rates. And higher cooling rates shift the glass transition to higher temperatures
and thereby more free volume would be trapped in the glass. T, can be identified
upon changes in volume, enthalpy, or entropy as a function of temperature. The
volume of a liquid decreases by being cooled continuously until the melting point,
at which the liquid either crystallizes or vitrifies. Crystallization sets in at a certain
undercooled state, in which rearrangement of mobile species form nuclei. There,
the volume of the liquid decreases abruptly. However, crystallization can be
bypassed via fast cooling in certain groups of compositions. Via supercooling,
the atomic movements become slower and finally stop without finding an
equilibrium. It means, the liquid turns to glass [11]. 7, is associated with a fixed
viscosity of 10" Pa s [11,12]. From a thermodynamic aspect, the glass transition
event is necessary. Otherwise at the so-called Kauzmann temperature (7%), the
volume, the enthalpy, and the configurational entropy of the glassy state would
become lower than those of the ordered crystalline state, which is not possible
[13]. The free volume concept is an approach to elucidates the decline in mobility
at the glass transition. Hence, the cooling driven relaxation of the glass to the

SCLR annihilates the free volume and thus retards the diffusion of the atoms.



This increase the viscosity of the supercooled liquid [14]. Vitrification of the
supercooled liquid is associated with the relaxation. The flow behavior of glasses
is influenced by structural relaxation of the system. Relaxation time and viscosity
are directly proportional. The viscosity of of 10'* Pa s at T, implies a long
relaxation time of around 1000s [12], which means the system cannot establish
an equilibrium within an experimental time window. This emphasize the kinetic

nature of glass transition.

1.5 Crystallization

The crystallization event is the second prominent transformation in MGs.
Crystallization proceeds with nucleation by the formation of a solid-liquid
interface and advances with the growth of the formed crystalline interface.
Nucleation arises by thermal fluctuations of the liquid prompting the transient
appearance of clusters of a new phase within a parent phase. Clusters form and
decay continuously and spontaneously. The cluster regions are called nuclei after
reaching a critical size. Smaller clusters are called undercritical nuclei or embryos
that decay, as their interface-to-volume ratio is large. Larger clusters are called
supercritical nuclei and they grow and lower the energy. Via undercooling, the
formation of critical nuclei dominates over decay [15]. The driving force of
crystallization is the difference between the free energy of the liquid and
crystalline state. Below the melting temperature (7,,), the melt is not stable and
tends to transform to the crystalline state. The activation energy (AE) of
crystallization can be calculated from the shift of the crystallization peak

stemmed from the variation of the heating rate [16].

1.6 Fragility concept

The viscosity of strong liquids shows an Arrhenius behavior [17]:



E,
= e 1.1

where 1 is the viscosity, the pre-exponential constant (77,) is the viscosity at
infinite temperature, E, is the activation energy, R is the universal gas constant
and T is the temperature. However, the viscosity of fragile liquids shows non-
Arrhenius behavior and the viscosity data can be estimated by the empirical

Vogel-Fulcher-Tammann (VFT) equation [18]:

B
— 1.2
n = neexp {T — To}’ (1.2)

where B is a constant with the dimensions of temperature, and T,, the Vogel-
Fulcher-temperature. When T — T,, n — oo and the structure will freeze in. T,
is a kinetic instability point [19]. Fragility is defined as the temperature
dependence of the viscosity for a liquid. This temperature dependency of the
viscosity can be quantified by the slope of the Angell plot close to 7, [20], which
yields the steepness index (m) defined as fragility.

__dlogn

- : (1.3)
1,

m

Larger m values are indicative of a more fragile behavior of the iquid. This means
the dependency of viscosity on the temperature close to 7, along with the
deviation from Arrhenius behavior is more pronounced. Fragile liquids show a

rapid breakdown of shear resistance in the course of heating. BMGs possess the



steepness index between 30 and 40 [21]. A modified expression of the steepness

index is laid down by Briining and Samwer [22]:

I
in10(T, — T,)"’ (1.4)

from which the heating rate and 7, can be correlated:

B
(Tgo - Tg ((P))

@ = Aexp ) (1.5)

where ¢ is the heating rate, A is a pre-exponential factor, B is the activation
energy, Tg0 is the asymptotic value of T in the limit of infinitely slow cooling and
heating, and T; () is the heating rate-dependent T;. Furthermore, the fragility of
a liquid is intimately linked to Poisson’s ration (9) as an important parameter that
controls the fragility of liquids [23]. Hence, fragility as an extent of non-
Arrhenius viscosity can be determined by the short-time relaxation processes in
liquids [24] considering that liquids behave like solids as being looked into within
a time window much shorter than a usual relaxation time. It has been suggested,
that this is correct if 9 is normalized with respect to molar volume [25]. It has
been reported that the critical casting thickness of a glass-forming liquid is
correlated to 9, as a densely packed atomic structure prevents atomic
rearrangements, of which the bonding configurations stay intact [26].
Furthermore, 7, and 7, are reported to be in linear correlation with elastic
modulus (£), shear modulus (G), and bulk modulus (B) [27,28]. BMGs
possessing higher ¥ are more inclined to shear without fracture and those
possessing lower 9 are less ductile. It is important to consider that relative ductile

BMGs are cast despite lower GFA.



1.7 Structural relaxation and rejuvenation

MGs urge to convert to the metastable state if the driving force is present. Hence,
temperature rise can recover the ceased atomic mobility, thereby relaxing the
glass into the metastable equilibrium. Relaxation involves atomic rearrangements
causing a more ordered atomic distribution without the long-range diffusion of
atoms. Glasses are inclined to change their out-of-equilibrium configuration via
relaxation to become more stable. The primary relaxation corresponding to glass
transition is called @ and the secondary corresponding to stiffening £. It can be
expected that glasses showing pronounced f relaxations at lower temperatures
are relative ductile. One can deviate the system from equilibrium and bring it to
a higher energy state, defined as a rejuvenation process. Relaxation annihilates
the free volume in the structure and leads thereby to the embrittlement of MGs,
whereas rejuvenation causes dilatation (i.e., generation of free volume) and
enhances thereby the plasticity of BMGs. Relaxation and rejuvenation can be
considered as processing routes to grant MGs certain functionalization.
Relaxation of MGs can be achieved via a controlled sub-7, heat treatment
pursuing definite protocols and rejuvenation can be achieved via severe plastic
deformation of definite parameters [29]. Dynamic mechanical analysis (DMA) is
a technique to manifest the effects from the thermo-mechanically driven
structural relaxation and rejuvenation in BMGs. Figure 3 shows the DMA data of

the Tis0Zr10CussPd14s BMG together with explanations.
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Figure 3. (a) Storage modulus (G’), (b) loss modulus (G”), and (c) loss factor (tan &) of the

TisoZr10CussPd14 BMG as a function of temperature. The measurement frequencies were 0.1 to 1 to 10
Hz, and the heating rate was 15 K/min. The T, measurements at different frequencies result in a linear
Arrhenius behavior with a slope of 8.6 + 1.9 eV obtained from the slope of the linear fit (inset).

Explanations are added to clarify the data.

1.8 Deformation of metallic glasses

Metallic glasses undergo highly localized, heterogeneous deformation at room
temperature. BMGs are elastically isotropic, however in some cases anisotropy
can be induced either upon processing or as the result of external fields. The bulk
and shear moduli (B and G) of an isotropic material represent the response to

9



hydrostatic and shear stresses. Compared to crystalline alloys, BMGs of the same
compositions show ~6% lower bulk moduli [30] and the shear moduli in BMGs
are ~30% of those in their corresponding crystals [31]. G can be defined
mathematically as [32-34]:

d*o
d—]/z =G, (1.6)

y=0

Where @ is the potential energy and y is the shear strain coordinate. At y = 0:

2
0, = <8y"' ) G. (1.7)

The plastic deformation starts at the critical shear strain (y,). Physically, the shear
moduli of certain regions gradually become smaller, which allows the
rearrangement of atoms. The total energy barrier of the flow can be defined as the
product of the amplitude of the sinusoidal function (¢ ) and the shearing volume
(2) [32]:

8 2
W = o0 = <7;/ZC>G[2. (1.8)

Two conclusion can be drawn: Larger shear moduli lead to larger energy barrier
plus the rearrangement of the large number of atoms require a large energy input
and is otherwise unlikely. G as a key parameter to determine the deformation
behavior of BMGs can be looked at in two regions: Below Ty, G increases linearly

as the temperature decrease. Above Ty, G drops exponentially as the temperature

10



increases. G of a supercooled liquid behaves like temperature-dependent

viscosity of fragile liquids, which can be explained via [30]:

W, 2(, T
O

where 7, is the viscosity at infinite temperature, W is the energy barrier between

LA = exp
Mo

two inherent states of the system, Ky is the Boltzmann constant, and # is a fitting
parameter. The equation is reported to match with experimental data [33].
Moreover, the viscosity of the glass-forming melts can be explained slightly
different via [35-37]:

— =exp{-Llexpiy(1-=]it, 1.10
ne OP kT P T, (1.10)

where V. is a characteristic volume and y is a constant. Melting is the softening
of G meaning that the lower viscosity in the liquid state stems from the reduced
resistance against shear. Hence, G acts as a thermodynamic state variable

governing the flow.

1.8.1 Free volume and entropy models
Another framework to explain deformation of BMGs is laid out using the "free

volume" model [38]. The model can be explained via [39]:

C

n = noexp {ﬁ—}, (1.11)
f

where C 1s a constant and 19f is the free volume. This model consider deformation

as a series of discrete atomic jumps in the glass, these jumps are triggered near

11



the sites of higher free volume via a diffusion-like process. The activation energy
(AE) of diffusion is 15 to 25 k7.
An alternative framework to explain deformation of BMGs is put forward using

the "entropy volume" model [40]. The model can be explained via:

n = noexp {%} (1.12)

where C is a constant, 7 is the temperature, and S.(7) is the configurational
entropy defined as the non-vibrational fraction of the excess entropy, whereas
excess entropy is the entropy difference between the glassy state and crystalline

state.

1.8.2 Shear transformation zone theory

Deformation of metallic glasses is a local rearrangement of atoms that
accommodate shear strain. A shear transformation zone (STZ) as a unit of
plasticity in MGs is a local cluster of atoms undergoing an inelastic shear
deformation [41]. Figure 3 shows a demonstration of a simple STZ composed of

9 close-packed atoms.

12



Figure 4. A demonstration of shear transformation zone showing the movement of the four

upper atoms as a unit with respect to the five lower atoms [42].

The AE of a STZ can be quantified as:

7-59  2(1+9)

~130(1 =) T 9(1 —9)

AF, : )

G(T) yo* 2y, (1.13)

1
2y

where f is the ratio of free volume generation to shear strain, G(T) is the
temperature-dependent shear modulus, 7, is the critical non-thermal shear stress,
Yo 18 a characteristic strain of an STZ with values of ~0.1 order [43], and (2, is
the characteristic volume of an STZ that encloses atoms up to ~100 [32,44]. An
STZ has the size of ~1 nm [41]. Using typical values of transition metals, the
energy of an STZ yields the approximate values of 1 to 5 eV /20 to 120 kT,. k is
the Boltzmann constant. The lower values are close to AE values of diffusion in
the "free volume" model, the AE of an STZ is in correspondence to a cooperative
motion of a larger group of atoms in comparison. The pronounced [ relaxations
of a system suggest that the glass possesses abundant STZs, and plasticity is then

expected to see when the high density STZs are activated to reach the percolation
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limit upon external stresses. Via deformation, the strain is accommodated in
narrow regions in MGs, the so-called shear bands (SB) initiated from shear
transformations. The plastic deformation of BMGs via shear-banding is
associated with the biased accumulation of local strains introduced by the
operation of STZs and the redistribution of free volume. SBs possess lower
viscosities compared to the matrix and form along planes that closely
approximate those of maximum shear stress and they are ~20 nm thin. Their
fracture surfaces exhibit vein-like patterns corroborating the fracture of a pure
shear mode [41]. SB engineering is possible to tune the specific properties of

MGs.

1.9 Thermoplastic net-shaping

BMGs in many applications require a net-shape manufacturing as direct casting
1s limited to simple shapes such as rods and plates. The synthesis of BMGs
possessing thin sections with high aspect ratios via direct mold casting is very
much challenging. The driving force to fill the mold cavity is a bias of pressure
gradient. The work material is supposed to undergo deformation and not the
mold. Therefore, the mold material has to possess a higher strength than the work
material at the molding temperature. As an estimate, an order of magnitude higher
strength of the mold material can be a guideline. If the flow stress of a liquid as
the product of viscosity and strain rate multiplied together is low in its SCLR, the
molding is facilitated. Thermoplastic net-shaping (TPN) of BMGs is a two-stage
process, by which casting and forming are separated. Therewith, the cast glasses
undergo deformation at sub-T7 temperatures, at which they exhibit their highest
plasticity. Also, micro-patterned and hierarchically modulated surfaces can be
generated via TPN [45]. However, the marginal GFA and the high inclination of
some alloys towards oxidation can cause limited formability, it means the
resistance against flow can restrict the patterning to micro-features with specific

heights and rounded corners [46]. MGs show sluggish crystallization kinetics in

14



their SCLR, which grants a net-shape processing route of a convenient time scale.
Herewith, the material can be processed within a much longer time window.
Metallic glasses have advantageous from the processing viewpoint. The difficulty
with crystalline metals is that they are in the course of heating either too hard
(strength values of above 100 MPa) or too soft (strength values below 1077 MPa),
they somehow jump over at where we actually want them to be with a phase
transition going from a solid to a liquid. Whereas, BMGs can be present in an
ideal region, where they show plastic-like processability with the strength of
below 1077 MPa and the viscosity of 10° — 10® Pa s. GFA defines critical casting
diameter of a material from the liquid state, though it is not a good indicative of
the formability of a material. Whereas, the S parameter, obtained by dividing the
width of the SCLR (7} — 73) to the undercooled liquid region (7; — 73), can be a
good indicative. This parameter is solely extracted from the thermophysical data.
It is independent of a time and/or temperature dependent rheological analysis and
thereby renders unified data evaluation and significant experimental advantage

[47].

1.10 CuZr-based glassy alloys and glass composites

CuZr-based melts are reported to vitrify into glasses at higher cooling rates [48-
50]. MGs including CuZr-based ones have many current and potential
applications such as in recreational items because of the bouncing effect coming
from ultra-high resilience of BMGs [51]. MGs show low friction and wear and
are suitable for use as corrosion and wear-resistant coatings in heavy machinery
and they are beneficial in space robotics since they do not become brittle in cold
and show low friction and wear [52,53]. MGs are exploited in precision tooling
and high-end products [54], a MG blade can be sharpened to an exceptional edge,
as no above-atomic length scale would limit that [55]. And they are widely used
in electronics due to magnetic properties of MGs [56]. Special selection of the

alloy compositions and cooling rates can render the formation of bulk metallic
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glass composites (BMGCs). For example, in the binary CusoZrsy, the high
temperature B2 CuZr phase can precipitate from the melt upon cooling, The B2
is a shape memory alloy [57]. The shape memory effect arises from the
stress/strain-induced transformation of the B2 (Pm3m) to two monoclinic phases,
B19" (P2,/m) [58] and B33 (Cmcm) [57,59]. B33 is the superlattice of B19” [60].
Via further cooling, the high energy B2 decomposes to the equilibrium phases,
CujoZr; and CuZr,. BMG composites with shape memory B2 CuZr crystals
embedded in the amorphous matrix show excellent strength and plasticity without
significant trade-off but exhibit work hardening [61]. The mechanical
performance of a metallic glass depends on its size, hence glasses with an
effective thickness exceeding 1 mm are usually brittle. This can be though
overcome by incorporating a second phase into the glass to stimulate shear band
proliferation [41]. The second phase can be dispersed crystals in the glassy matrix
to enhance the plasticity of the BMGs. Regarding the deformation of the BMGCs
in the elastic-plastic regime, elastic deformation of the glassy matrix makes the
plastic deformation of the crystalline phases more homogeneous, leading to the
work-hardening. The coordinated plastic deformation occurs between the glassy
matrix and the crystalline phase in the plastic-plastic region, the shear bands
nucleate and traverse along with the interface, and then split into multiple shear
bands. Deformation of the B2 phase is hindered by the glassy matrix, which
triggers the stress/strain-induced transformation in the B2 crystals, also causing
work hardening. When multiple shear bands branch and de-bond at the interface
between crystal and glass, the work-hardening effect of the crystalline matrix
weakens and softening of the glassy matrix overwhelms the deformation of the
BMGCs, which can lead to softening and necking. Moreover, diffusion-
controlled crystallization is also beneficial to enhance the strength retention at
temperatures around 7. [29]. Al addition can enhance the GFA of the plain alloy
[62,63]. Alloying additions has been advanced in a broad range to develop new

MGs with improved properties. This PhD project is believed to provide insight
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into the impact of the microalloying by Co and/or Hf additions on the mechanical

performance of CuZrAl-based BMGs at elevated temperatures.

1.11 Tis0Zr10CuszsPd14 Bulk metallic glass

Among advanced glassy multicomponent systems, Ti-based BMGs are exploited
as biomedical materials primarily due to the bioactivity of the Ti element.
Ti40Z110Cus6Pd 4 bulk metallic glass is free of toxic elements, such as Al, Ni and
Be. Compared to Ti-6Al-4V as the current gold standard implant alloy, it has
lower Young's modulus and thereby mitigated stress shielding effect [64] and also
higher strength and oxidation resistance. The antibacterial properties rely on the
prohibition of bacterial attachment. The formation of CuO on TisZr;0CussPd4,
compared to TiO2 on Ti—6Al-4V, provides higher water contact angles
decreasing the chance of bacterial attachment. Moreover, CuO reduces the
bacterial metabolic activity of the oral pathogen Aggregatibacter
actinomycetemcomitans while increasing the cytocompatibility of the fibroblasts,
which prevents the formation of harmful oral biofilm [65]. It has been shown in
this PhD project that high-temperature compression molding with an optimized
process can introduce various structural modifications into the TisZr0CuscPdi4
BMG during the replication. Hence, crystallization on different length-scales can
be generated depending on the processing conditions. The processed
Ti40Z110CussPd4 glass composites show extraordinary strength retention at
temperatures, compared to the cast glass, by above 100 K higher [65]. The
observed crystals in the glassy matrix are of B2-TiZr, CuTi,, CuTis, and CusTi;,
phases. Looking into the structure discloses that spherulites enclosed by semi-
crystalline outer shells appear in the TisZr;0CuszcPdis BMG. The shells serve as
a synergy between order and disorder in the matrix. Larger needle-shaped CusTi,
crystalls form centric in the spherulites. To these crystalline phases finer needles
of tetragonal CuTi attach at 90°. Rather at the center of spherulites, CuTis phases

of a few percent might precipitate throughout solidification upon eutectic
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reactions since the cooling rate is set at its threshold in casting in order to produce
the largest possible bulk glass. The B2 phase is observed primarily in mature
spherulites. It nucleates around the tetragonal CuTi crystals and grows in all

directions to the shell. This gives the spherical shape to the spherulites [66].

1.12 Bioactivity

The design and selection of a biomaterial depend on its intended medical
application. Synthesis of a new biomaterial is a collaborative effort in
interdisciplinary fields. It needs to possess certain attributes to serve in the body
without rejection. More specific, an implant material needs to be non-toxic and
not cause any inflammatory or allergic reaction in the body. The success of an
implant primarily depends on the reaction of the body, and this is referred to as
the biocompatibility of a material made up of host response and the degradation
of the material in the body. A class of materials called bioactive are considered
as highly biocompatible since they promote the integration with surrounding
bone. A not biocompatible implant can cause the blood to coagulate to the implant
surface called thrombosis. Another complication can be fibrous encapsulation of
an implant. An implant material of low wear and corrosion resistance of material
releases harmful metal ions in the body. The abrasion of an implant makes it
become loose and shortens its service period. Hence, the wear/corrosion debris
are not desired. Soluble debris goes to the blood. And particulate debris
accumulates in the human tissue. This accumulation can cause inflammation,
damage of cell tissue, hypersensitivity, chromosomal aberrations, toxicity and
carcinogenicity. Therefore, the application of a biomaterial with high wear and
corrosion resistance is of prime importance. The application of an implant cannot
succeed if it is not well osseointegrated. Osseointegration refers to the integration
of an implant with the adjacent bone and other tissues. The failure of this
integration leads to the formation of a fibrous tissue and loosening of the implant.

Surface chemistry and surface topography primarily determine how good the

18



osseointegration would be. Among advanced glassy multicomponent systems, Ti-
based BMGs are heavily made use of in biomedical applications primarily
because of the bioactivity of the Ti element. Their unique softening and tunability
of flow stress in the SCLR allow the generation of hierarchically modulated
surfaces which can act as topographic cues for cell attachment and differentiation.
This facilitates a strong cell-material interaction. The micropatterend structures
are exploited for guided tissue generation in implantology to facilitate the process
of osseointegration and biomechanical fixation [67,68]. Such topography can
promote the cellular response from initial attachment and migration to
differentiation and growth of new tissue without the need of having exogenous
growth factors. TisZr;0CuszsPdis BMG is free of toxic elements, such as Al, Ni
and Be. It possesses low Young's modulus (82 GPa) and thereby minimizes the
stress-shielding effect. Implant materials stiffer than bone, prevent the stress to
transfer to the adjacent bone, which causes bone resorption and implant
loosening. This biomechanical incompatibility is called stress-shielding effect
and ceases the bone cells [64]. It 1s believed that TiqZr;0CussPdi4 as an oral
implant material does not cause anti-biofouling, but promotes the selective

growth of dental pulp stem and epithelial cells.

2 Summary of the results

Tuned CussZrscAlg with modifications in the structure via sub-7, HT and HPT
treatments leads to a glass of an improved performance. Casting a 40 mm
diameter and 2 mm thick plate of this composition produces a fully glass. HPT
process does not induce crystallization but slightly increases 75. At the early stage
of sub-7, HT, the B2 phase in nano/micro-scale precipitates. The multi-axial
stress upon HPT can cause the intersections of the SBs confirmed by SEM, this
serves as nucleation sites in the glassy matrix and promotes the nucleation of HT-
induced crystals over the matrix. A uniform dispersion of the crystals can be

obtained by taking an alternate order of the treatments, i.e., first HT followed by
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HPT. The HT + HPT BMG shows an even hardness profile with a relatively
higher Vickers hardness in comparison to the as-cast, and it is
thermomechanically more stable based on dynamic mechanical analysis (DMA).
These findings highlight the fact, that a combination of annealing and plastic
deformation treatments is a promising approach to produce BMGs with
specifically tuned properties. To broaden the concept, the viscoelastic behavior
of four different BMG systems, 1., CuseZrssAls, CusaZrssAlgCos,
CugsZrisAlgHE,, and CugsZrisAlgCooHf, 1s manifested on the deformation-mode
dependence via DMA in 3-point bending (TPB), tension and torsion modes. At
temperatures below the 7, they deform mainly elastic, and the materials respond
independent of the driving frequency, however, in the SCLR, the visco-elastic
component takes over. Crystal nucleation and growth mitigate the visco-elastic
contribution, whereas plastic deformation raises the atomic mobility. The
material of the plain composition explored under the TPB mode exhibits an
increase in the storage modulus G’ from 89 = 1 GPa to 105 + 1 GPa showing an
obvious relaxation. The high value of the AE is indicative of a collective
movement of atoms evolved in the relaxation. Upon TPB, the oscillation of the
individual atoms evolves, through percolation process with the same phase, into
a collective oscillation of a larger groups of atoms. This leads to ordering of atoms
and thereby to elastic stiffening of the system. Unlike TPB mode, tension and
torsion generated free volume in the structure does not promote the relaxation of
the system. In this case, each atom practically oscillates around its position within
its phase. Therewith, atomic rearrangements in the long-range order are barely
conducive as the interatomic distances are larger than the range of the damped
oscillation. Therefore, a cooperative structural relaxation is hence not possible.
With the tension- and torsion-mode types, no relaxation of the glasses is
determined. In the tension, the glass transition event takes place at higher
temperatures. It means, a larger thermo-mechanical driving force is required to

visualize the modifications in tension compared to TPB and torsion, this can be
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regarded as a disadvantage of the tensile testing. By imposing 10 N, the stress in
tension is 10 N/mm2 over the sample, however in TPB, the maximum stress
reaches 120 N/mm2. Hence, the stress in the TPB mode can induce the
stress/strain-induced transformation and thereby crystallization occurs at lower
temperatures. Besides, a clear second glass transition peak (7%2) in loss modulus
is identified via TPB. These findings highlight that, TPB at 1 Hz frequency can
induce a complex stress state and thus trigger two different relaxation modes
stage-by-stage until reaching 7. XRD and TEM confirm the amorphous state of
the plain composition and structural modifications when heated to 743 K [69].
Compared to CuyeZrssAls, by introducing 4 at. % Co addition in the Cuse.x»Z146.
x2AlgCox, amorphous phase separation sets in between softer Cu-rich and harder
Co-rich regions in the structure of CussZrs4AlsCos because of the positive heat of
mixing of Cu-Co (6 kJ/mol) [69]. This suggests the strength retention around the
SCLR. To develop concepts in the framework of biomedical materials, the
biological safety investigation of alloys is a matter of utmost importance to avoid
any adverse reaction [65]. The intrinsic nature of TisZr;0CuszsPdi4 BMG as an
oral implant material i1s decoded to evaluate its use as an oral implant. The
viscoelastic of TisZroCuszsPd;s-BMG demonstrated upon compression. A
driving frequency of 1 Hz visualizes the supercooled liquid region. The formation
of CuO on TisZr;oCuscPdi4, compared to TiO, on Ti-6Al-4V, yields higher
water contact angles and thereby reduce the bacterial attachment. Furthermore,
CuO decreases the bacterial metabolic activity of the oral pathogen A.
actinomycetemcomitans while increasing the cytocompatibility of the fibroblasts,
this inhibits the formation of harmful oral biofilm on an implant. To advance the
envision of TigZr0CuscPdis BMG as oral implant material, the effect of TPN,
the process required to reach the final desired shape of the implants, is
investigated on the microstructure and cytocompatibility of the glassy alloy.
DMA confirms that optimized thermoplastic processing leads to BMGs and BMG

composites showing a more stabilized G' up to ~700 K, revealing an increase in
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the thermomechanical stability by above 100 K in comparison to the as-cast glass.
Cytocompatibility tests are performed via seeding human gingival fibroblast cells
(HGF) directly onto the TisZr;0CussPdi4 BMGs after TPN, using the as-cast
Tis0Z110CuscPdis BMG as control. The results demonstrate that TPN does not
adversely affect the cytocompatibility. On the other hand, the formation of ~100
nm thin surface layers consisting of Ti, Cu, and Zr oxides improves cells
attachment. The attributing factor for this improvement is related to the presence
of titanium oxide on the surface that significantly improves the surface

wettability.

3 Conclusion and outlook

In an attempt to improve the structure-dependent mechanical performance of
selected multicomponent alloys, optimized processing routes are pursued to
design advanced alloys with tailored adjustments. Certain two-stage treatment of
annealing and plastic deformation on the CussZrssAls BMG generates a
CuseZrssAlg composite showing a higher thermomechanical stability. Along this
line, 4 atomic percent Co addition in the Cuss x»Zr46 x2AlgCoyx glass leads to a
glass showing higher dynamic mechanical stability at elevated temperatures. 3-
point bending at 1 Hz i1s conducive to register the SCLR and visualize the
structural relaxation and crystallization kinetics of CuZr-based BMGs. The
viscoelastic behavior of TigZr0CuscPdis BMG reveals a promising thermoplastic
processing routes. The processed TisZroCussPdis BMGs and BMG composites
show superior strength retention at temperatures in comparison to the cast glass.

The study of the structure-property relationships in MGs is rather lean as there is
no long-range atomic order in the structure. Besides, it is difficult to lay down the
thermomechanical stress state of BMGs at extreme temperatures and high loading
domains due to the temperature and pressure-dependent crystallization events
around SCLR. In this regard, investigation of the relaxation and crystallization
behavior of BMGs exposed to thermomechanical driving forces under controlled

laboratory domains is an approach to estimate how the material's response would
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be in harsh and real environments. Concepts are developed to evaluate the
Ti40Z110CussPd14 glass and glass composite envisioned as an oral implant
material. The formation of copper oxide on TisZr0CuszsPd;4 BMG, compared to
titanium oxide on Ti—6Al-4V as the current gold standard implant alloy, reduces
the bacterial viability. Hence, the formation of bacterial biofilm is hampered.
TPN as a processing route required to reach the final desired shape of the
implants, leads to glassy and composite Tis0Zr10CuszsPdi4 showing extraordinary
thermomechanical stability. The formation of ~100 nm thin surface layers
consisting of Ti, Cu, and Zr oxides improves cells attachment. As the demand to
have biomedical materials of utmost functionalities are getting higher, the need
of interdisciplinary frameworks to evaluate the performance of biomaterials is

higher than ever.
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ABSTRACT

In this paper, the effect of severe plastic deformation (SPD) induced by high-
pressure torsion (HPT) and isothermal heat treatment (HT) below the glass
transition on the structure-property relationships of CusecZrssAls bulk metallic
glass (BMG) is assessed separately and alternately in reference to the as-cast
state. Pronounced modifications are confirmed by X-ray diffraction, differential
scanning calorimetry, dynamic mechanical analysis (DMA), dilatometry
analysis, and scanning electron microscopy. Diffusion-controlled crystallization
is achieved via HT with optimized parameters, and HPT is used afterwards to
disperse crystalline phases relatively homogenous throughout the matrix. The
dispersion of the second phase improves the thermomechanical stability around
the glass transition temperature, as confirmed by DMA. Compared to a single HT
process, a sequential combination of HT + HPT leads to a glass showing a linear
hardness profile with values higher than the as-cast state. This study provides

insights into possible processing routes for enhancing the mechanical and/or
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thermal properties of CuZr-based BMGs, which can also be used to tailor new

design routes for other BMG systems.

1. Introduction

The defining characteristic of bulk metallic glasses (BMGs), which makes them
different from conventional metallic materials, is the absence of crystallinity and
the associated lack of microstructural features such as grain and phase boundaries
[1]. BMGs accommodate plastic strain in highly localized shear bands owing to
the absence of dislocations in their non-translational atomic order [2]. The
properties of metallic glasses are size-dependent, where samples with an effective
thickness exceeding 1 mm exhibit often brittle deformation [3—6]. The plasticity
of metallic glasses can be enhanced by increasing the shear band density. Besides,
the interaction between shear bands and second phases can stabilize the shear
bands and thus impede crack formation [7—11]. Shear band confinement can
change the deformation mode [9, 12,13] as long as the spacing of the second
phase(s) matches the plastic zone size of the related BMG matrix [8,14]. More
specifically, when the spacing of the second phase(s) is equal or smaller than the
plastic zone size (RP) of the sample, shear bands will not immediately develop
into cracks. But instead, the formation of multiple shear bands is triggered, and
thus, energy dispersion due to stress distribution is favored [15—17]. Moreover, it
has been confirmed in the literature that the plastic zone size of a variety of BMGs
remains constant even at elevated temperatures (at temperatures below the glass
transition temperature Tg) [18]. CuZr-based metallic glasses are known to have
plastic zone sizes of approximately 50 um [19] and, thus, uniformly dispersed
nano-to micro-scale crystals should be beneficial for the enhancement of strength
retention at temperatures close to the glass transition.

Unfortunately, metallic glasses in the bulk state are not in the ideal glass
condition. In order to cast the largest possible BMG, the cooling rate is kept at its

threshold during suction casting, which can result in inhomogeneity and
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compositional segregation in the structure [20-22]. High pressure torsion (HPT)
i1s an approach to homogenize the microstructure and thus achieve a reliable
product [23—-29]. This method has been considered as a suitable tool for inducing
compositional homogenization in multicomponent advanced alloy systems [30].
The high extent of applied shear strain during HPT generates free volume in the
structure and causes mechanical softening and structural rejuvenation [31].

For CuZrAl-BMG composites (BMGCs), through deformation, the B2- CuZr
crystals embedded in the glassy matrix can transform into stress/ strain induced
transformation, and thus, render the formation of multiple shear bands. This leads
to superior mechanical properties of CuZr-based alloys. The desired B2 phase
precipitates via a polymorphic crystallization during cooling from the melt [32].
However, the glass-forming ability (GFA) of the remaining melt often cannot
then be kept high enough to form a glassy matrix with homogenously nucleated
B2 crystals due to the solidification characteristics of CuZr-based alloy systems
[33-35]. In this study, we used an alternative technique to fabricate BMGCs by
diffusion-controlled crystallization of monolithic BMGs via sub-Tg heat
treatment (HT). The adopted method consists of two steps: casting fully glassy
BMGs, and subsequent HT. It has been confirmed in the literature that processing
below Tg for some BMG types might lead to early fracture due to thermal
embrittlement [11,36—38], which can succeed by nanocrystallization [33,39—43]
or devitrification [44,45]. HT reduces the amount of free volume in the matrix
and triggers structural relaxation [31]. Such treatment has been shown to generate
temperature-dependent crystallization on different length-scales depending on
the processing conditions [46]. We provide insight into how HPT and HT
influence the (thermo)mechanical, thermal, and structural properties of

CU46ZI'46A13 BMGs.
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2. Experimental

2.1. Casting of CuZrAl-Bulk metallic glass (BMG)

In the first step, a CussZrssAlg master alloy was synthesized using an Edmund
Buehler AMO.5 arc melting system operated under a Ti-gettered argon
atmosphere. The industrial-grade alloy constituents of 99.9% purity were
weighed with an accuracy of £ 0.001 g. During melting, the melting current went
up to a maximum of 150 A. To homogenize the ingot thoroughly, the melting was
repeated four times. The alloy was cast afterwards into a copper mold with a
circular plate geometry of 40 mm in diameter and 2 mm in thickness. Rotary and
diffusion pumps were used to evacuate the system down to 10°® mbar. The
pressure difference required for suction between the designed mold cavity and

the working chamber was controlled by purging argon.

2.2. High pressure torsion (HPT)

From the 40 mm diameter cast plate 8 mm diameter discs were cut using a
custom-built electro-discharge machine. This method has been proven to not
influence the amorphous state of the CuZr-based BMGs. The discs were ground
down in equal thicknesses from both sides to a thickness of 1.00 = 0.02 mm and
then deformed separately between two anvils after sandblasting. The top anvil
was fixed to hydrostatic compressive stress, while the bottom one was rotated to
impose torsion onto the discs. The anvils had a cylindrical cavity which allowed
central positioning of the samples and the pressure to be hydrostatic. The HPT
tests were conducted with a load of 7.8 GPa and a rotation speed of 0.6 min~'.
Anvils with cylindrical cavities of 8 mm and a depth of 0.15 mm were used. The
applied shear strain at the center of the disc is nearly zero and increases along the
radius towards the edge. In order to find an optimized number of turns, a series
of HPT tests were performed with a different number of rotations to check how
the number of rotations may affect the hardness. The HPTed samples were

embedded and polished for hardness testing. Microindentation tests were
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conducted along the diameter of the discs. Observing no considerable changes in
the hardness with an increasing number of turns beyond 30 indicated that
hardness saturation was attained. Comparing the results with the hardness values
for CuZr-based glasses in the literature led us set 30 turns for the series of HPT
tests [30], by which saturation of HPT-induced dilatation (i.e., creation of free
volume) was reached. Despite the already known local temperature rise effect
during HPT, the induced modifications in the structure of the glass after HPT are
mainly ascribed to a high extent of applied shear strain that overcomes thermal

effects.

2.3. Heat treatment (HT)

The annealing temperature was optimized on the HT + HPT samples. Four
samples were annealed isothermally for 15 min at four different temperatures:
623, 653, 683, and 713 K. In the furnace, the heating rate of 50 K/min was
employed to reach the destination temperatures. Temperature stabilization was
achieved by 10 min of waiting time prior to sample insertion. Uniform heating is
present within the furnace, where the same temperature in multiple positions on
the sample was confirmed by the thermocouple readings. The accuracy of the
heating unit of the furnace was within £ 1K. The specimens were immediately
water quenched afterwards to room temperature to avoid post-crystallization
effects. The heat-treated samples were subsequently HPTed, as described in the
previous subsection. The samples were ground and polished in equal thicknesses
from both sides down to 0.3 mm. The samples were investigated by X-ray
diffraction (XRD) using a Bruker D2Phaser diffractometer with Co Ka radiation
(A =1.7902 A) using a step size of 0.02. Differential scanning calorimetry (DSC)
tests were conducted with a Mettler Toledo DSC 3+ under an argon atmosphere
at a constant heating rate of 10 K/min. Pieces at larger radius were cut from the
discs using a wire saw. The weight of the specimens was 10 £ 0.5 g. The samples

were heated twice in the DSC, and normalization was done by subtracting the
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baseline from the original heating curve. The cooling rate between two heating
periods was selected as 50 K/min to minimize the influence of the time spent for
cooling on the overall DSC data. All the DSC tests were repeated 3 times, an error
of £ 2K for the glass transition and crystallization temperatures and an error of

10% were determined for the crystallization enthalpy values.

2.4. Post-characterization methods

Five final samples are investigated in this paper (i.e., as-cast, just HPTed, just
HTed, HPT + HT, and HT + HPT). Microhardness testing was performed using
a Buehler Micromet 5104. Hardness values were obtained at each distance from
the center along two perpendicular diagonals of the embedded discs. The Vickers
hardness was calculated by the applied force divided by the surface area of the
indent. Thereby, the hardness was measured by the diagonal indents from 4
different points and averaged. All the tests were repeated 4 times, and an error of
3% was determined for the hardness measurements. Dynamic mechanical
analysis (DMA) was conducted employing a constant heating rate of 10 K/ min
using a Discovery HR-3 device (TA Instruments). The viscosity was
subsequently calculated via Stefan’s equation [47,48]. The chamber was purged
with N2 gas continuously upon heating and cooling. 10 N force was applied (25%
static, 75% dynamic load), and a single frequency of one cycle per second (1 Hz)
was used. The samples were heated from room temperature to 850 K. The
experiments were performed in displacement-control mode with 5 pm
displacement at each sinusoidal loading interval. Thermal expansion/contraction
was measured using a dilatometer (parallel plate rheometer) under a constant load
of 50 mN. The samples were heated from 300 K to 850 K at a heating rate of 10
K/min. The evolution of structural modifications of the differently treated
samples was investigated in a field emission gun scanning electron microscope
(FEGSEM - Zeiss LEO1525) with a Schottky emitter. The acceleration voltage

was selected as 20 kV. The system vacuum was 10 mbar. A four-quadrant
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backscatter detector was utilized to determine the phase contrast of the crystals.

SEM was performed on the cross-section of the samples.

3. Results and Discussion

3.1. Selection of process parameters

According to preliminary studies of the corresponding samples by XRD and DSC
(Fig. 1), modifications first appear for samples annealed at 683 K, where
crystalline diffraction peaks corresponding to the cubic primitive B2-CuZr (Pm-
3m) phase are superimposed on the broad amorphous maxima. The crystalline
peaks on top of the broad diffuse maxima of the 713 K sample are sharper in
comparison and can be allocated to the same crystalline structure consisting of
B2-CuZr [34]. The onset of remarkable crystallization was also confirmed by
DSC. Based on the findings, the annealing temperature was set as 683 K. Samples
annealed at 713 K were crystallized beyond the diffusion-controlled
crystallization aimed for in this study. The double peak of crystallization visible

in the DSC scan (cf. inset in Fig. 1(b)) is due to compositional segregation

[49,50].
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Fig. 1. (a) XRD patterns of the HPT deformed samples with different pre-annealing protocols.
(b) DSC data (heating rate 10 K/min) of the HPTed samples with different pre-annealing
treatments; the crystallization event of the 683K-15min-HT + HPT samples deconvoluted into
two main peaks is presented in the inset.
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3.2. Structural and thermal characterization

Based on the X-ray diffraction (XRD) results (Fig. 2), the as-cast and HPT
samples are fully amorphous. For the HT sample, crystalline diffraction peaks
corresponding to B2-CuZr crystals are superimposed on the broad amorphous
maxima. Crystalline peaks emerge on the broad diffraction patterns of the two-
stage treated samples, and these peaks indicate similar precipitation of the B2-
CuZr phase.

The differential scanning calorimetry (DSC) results are shown in Fig. 3. The
width of the supercooled liquid region (SCLR) 4T, = Ty — T, determined by the
difference between crystallization temperature and glass transition temperature,
decreases marginally from 38 K for the as-cast sample to 35 K for the HPT sample
due to the slight shift of Tg to a higher temperature, in line with findings in the
literature [31]. The width of the SCLR is a parameter to reflect the formability of
BMGs of similar chemical composition [51]. Tx drops slightly after HT from 757
K to 753 K. For HPT + HT, 4T, becomes marginally larger (39 K) with a shift of
T, to a lower temperature compared to the HPT sample, revealing that the effect
of HPT is partially mitigated by the post-annealing. For the HPT + HT and HT +
HPT samples, T and T, also show some minor changes. Most noticeable change
is the broadening of the crystallization peak by the development of a shoulder.
This goes along with a rise in crystallization enthalpy (AHy). The exothermic
peaks in the continuous DSC curves of CuZr-based metallic glasses, regardless
of the Al content, correspond to the transformation of the glass to B2-CuZr

[52,53].

40



N as-cast
~ —m
HT
B2-CuZ v
™ HPT+HT
> v
STPT
T & T T b
20 40 60 80 100

2-Theta [deg]

Fig. 2. XRD measurements of the five final samples (i.e., as-cast, only HPTed, only HTed,
HPT + HT, and HT + HPT). The diffraction patterns delineate the evolution of B2 upon HT,

HPT + HT, and HT + HPT.
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Fig. 3. DSC data (heating rate 10 K/min) of the different samples (i.e., as-cast, HPTed, HTed,
HPT + HT, and HT + HPT) together with characteristic values.

3.3. Microhardness testing

Fig. 4 shows the microhardness profiles of the differently treated samples (i.e.,

as-cast, HPT, HT, HPT + HT, and HT + HPT). The variation in hardness acquired

from the as-cast sample can probably be ascribed to accumulated residual stresses

or locally different degrees of relaxation associated with the cooling rate gradient
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during casting [54-59]. Tremendous softening due to volumetric dilatation is
observed for the HPTed samples from the center to the edge of the disc, as the
applied shear strain and plastic flow induced by HPT increase with the radius
[25]. A substantial hardness increase is observed after heat treatment. Regarding
the viscosity, CuZr-based alloy systems show a deviation from Arrhenius
behavior at sub-Tg temperatures, and even short-time sub-Tg annealing can cause
structural reordering or phase decomposition [40, 44]. Compared to the as-cast
sample, HPT leads to an average hardness decrease by ~16 HV, whereas HT leads
to an average hardness increase of ~24 HV (Table 1). For the HT sample, this
increase in hardness can be linked to the structural relaxation of the glassy matrix.
The average hardness value for the HPT + HT sample is lower than that of the
HT + HPT sample. Furthermore, the HT + HPT sample exhibits an even hardness
profile along the radius, revealing that the behavior of the HT + HPT sample is
influenced by HT rather than HPT. In contrast, for the HPT + HT sample, the
effect of HPT is stronger, i.¢e., the degree of softening increases continuously from

the center towards the edge of the disc due to more pronounced straining.
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Fig. 4. Comparison of the microhardness profiles as a function of the distance from the disc
center for the differently treated samples, where the Vickers hardness was measured with a
load of 1000 g.
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Table 1
Average Vickers hardness values together with the standard deviation of the measurements.

As-cast HPT HT HPT+HT HT+HPT

515+ 14 499 + 18 539 + 16 514 + 15 531+4

3.4. Dynamic mechanical and Dilatometry analyses

Fig. 5 illustrates the dynamic mechanical analysis (DMA) results of the 5
differently treated samples investigated under 3-point bending (TPB). The as-cast
sample shows an increase in storage modulus (E’) from 88 =1 GPa to 105 £ 1
GPa as the material enters the a relaxation region. The change in the slopes below
Tg is accounted for the different relaxation modes of the differently treated
samples. The HPT treatment leads to a significant drop in E’ (from 88 £ 1 GPa to
72 £ 1 GPa) within the a relaxation region, as expected due to rejuvenation. On
the contrary, the heat treatment leads to a shift of the hump observed for the as-
cast sample towards higher temperatures, indicating the annihilation of free
volume. The most amount of relaxation occurs for the as-cast state, followed by
the HT samples. On the other hand, the HPT and two-stage treated samples do
not show any relaxation phenomenon upon heating. Stiffening owing to previous
relaxation, i.e., an increase of the elastic modulus, is observed for the HT sample
at the onset of the glass transition. The HPT + HT sample displays a similar
behavior as the only-HPTed sample with a gradual decrease in E' at temperatures
above 600 K as it enters the structural relaxation region. The vice-versa treatment,
1.e., HT + HPT, leads to a more stabilized E’ up to 700 K. Thus, the HT + HPT
treatment causes an increase in the thermomechanical stability by ~100 K.
Different from DMA tests performed under torsion or tension, the complex stress
state generated by 3-point bending can be the reason for the minor hump in tano
before the main crystallization takes place. The corresponding dilatometer
measurements are illustrated in the inset of Fig. 5. The influence of HPT (red

curve) on the structural relaxation region, observed by DMA, is also reflected in
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these static measurements. A pronounced thermal contraction is observed for the
HPT sample at temperatures up to 710 K owing to the change in viscosity. On the
contrary, no stiffening effect is observed for the HT and as-cast samples, pointing
out that the static mode type of measurement is less sensitive to structural changes
around the glass transition. A slight increase in the slope due to the thermal
expansion of the as-cast and HT samples is observed up to 700 K close to 7.
Compared to the as-cast state, heat treatment leads to a larger drop in viscosity in

the supercooled liquid region, as confirmed by both measurements.
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Fig. 5. DMA analysis (heating rate 10 K/min) of the different samples; (a) storage modulus E’

and (b) loss factor tand curves as a function of temperature. Thermal expansion data of the as-

cast, HPT, HT, HPT + HT, and HT + HPT samples obtained at the same heating rate are shown

in the b-inset.
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3.4. Microstructural investigations

Characteristic scanning electron microscopy (SEM) images of the as-cast, HPT,
HT, HPT + HT, and HT + HPT samples are shown in Fig. 6 a-e. Neither crystals
nor any features (i.e., voids, shear bands, or dendritic second phases) are observed
throughout the volume of the as-cast sample (Fig. 6 a), which corroborates the
amorphous state of the as-cast BMG on the micro-scale. The HPT sample is also
amorphous (Fig. 6 b). Besides, shear bands (indicated by red arrows) are
developed due to the severe deformation during the HPT process; the spacing
between them is ~1 um or less. In the matrix of the HT sample, crystals (on the
order of 1 pum and below) are formed during annealing (Fig. 6 c). On the other
hand, the distribution of the second phase upon sole HT on the cast BMG might
not be homogeneous, as regions might have a different inclination towards crystal
nucleation and growth due to the heterogeneities. For the HPT + HT sample, the
crystals are rather homogenously dispersed (Fig. 6 d). HPT can homogenize the
microstructure, after which HT nuclei can form and immediately grow, different
than the HT on the as-cast BMG, in which possible structural heterogeneities are
hardly conducive to interdiffusion of atoms. By comparing the HPT + HT sample
to the just-HT specimen, it can also be concluded that HPT again generates a large
number of shear bands, where the nanocrystals generally form in the vicinity of
these shear bands. In the HT + HPT sample, the crystals (on the order of 100 nm)

are relatively homogenously dispersed (Fig. 6 e).
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1pm

Fig. 6. SEM micrographs of the corresponding samples (a-e). (a) as-cast: amorphous, neither
crystal nor any features; (b) HPT: amorphous, shear bands developed; (¢) HT: irregular &
round-form crystals; (d) HPT + HT:; (¢) HT + HPT: round crystals dispersed relatively
homogenously.

4. Conclusion

This paper elucidates the changes in the (thermo)mechanical, thermal and
structural properties of the CussZr4cAlg bulk metallic glass (BMG) upon sub-Tg
heat treatment (HT) and severe plastic deformation (SPD). Casting a 40 mm
diameter and 2 mm thick plate of this composition generates a fully glassy BMG,
as confirmed by X-ray diffraction. High pressure torsion (HPT) processing does
not induce crystallization but changes the thermophysical properties slightly by
increasing 7,. At the early stage of sub-7, annealing, the metastable B2-CuZr
phase in nano-to micrometer-scale precipitates. Due to the multi-axial stress state,
HPT on its own can cause the intersection of shear bands, as confirmed by SEM,
which probably creates nucleation sites in the amorphous matrix. This
phenomenon eventually renders the formation of HT-induced nanocrystals over
the glassy matrix. By taking an alternate order of the treatments, i.e., first HT

followed by HPT, a uniform distribution of the crystals can be achieved.
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Compared to the as-cast sample, an even hardness profile with a relatively higher
Vickers hardness across the BMG specimen can be achieved by controlled HPT
of the HTed sample. According to DMA analysis, the HT + HPT BMG is
thermomechanically more stable, and pronounced high strength retention was
registered. In conclusion, a combinatorial treatment of annealing and plastic
deformation can be a promising approach to generate metallic glasses with

specifically tuned properties.
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Deformation-Mode-Sensitive Behavior of CuZr-Based
Bulk Metallic Glasses Under Dynamic Loading

AMIR REZVAN, BARAN SARAC, VIKTOR SOPRUNY UK,
FLORIAN SPIECKERMANN, CHRISTOPH GAMMER, HUAPING SHENG,
NIKOLAUS AUGUST SIFFERLINGER, and JURGEN ECKERT

The viscoelastic behavior of four different bulk metallic glass (BMG) systems,
1.e., CuyeZracAlg, CugsZrssAlgCoy, CugsZryAlgHE,, and CugyZrisAlgCooHf, is
investigated concerning its deformation-mode dependence via dynamic
mechanical analysis (DMA) in 3-point bending (TPB), tension, and torsion
modes. At temperatures below the glass transition, the considered BMGs deform
primarily elastic, and the mechanical response is independent of the testing
frequency, whereas, in the glass transition region, the viscoelastic component
dominates. Crystallization decreases the viscoelastic contribution, whereas
plastic deformation leads to an increase in atomic mobility for all three
deformation modes. Compared to tension and torsion, TPB is found to be more
sensitive to dynamic mechanical stress. TPB generates a complex stress state in
the matrix and can thus introduce substantial variations in loss modulus.
Structural analyses carried out by transmission electron microscopy and X-ray
diffraction confirmed the amorphous nature of the base composition and
structural changes when heated to the intermediate peak temperature observed at
743 K for the TPB mode. Compared to CussZrssAls, 4 at. pct Co addition in the
Cuss xnZrss x2AlsCox amorphous alloy leads to a glass showing relatively higher
thermomechanical stability around its glass transition. This study provides
evidence for the enhancement of the mechanical properties of CuZr-based BMGs

at elevated temperatures by microalloying.
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I. INTRODUCTION

The assessment of the structure—property relationships in glasses is rather limited
due to their disordered atomic structure.'>! Besides, investigations of the
thermomechanical stress state of bulk metallic glasses (BMGs) under high
loading conditions are quite challenging because of the temperature- and
pressure-dependent crystallization around the supercooled liquid region
(SCLR).[*"151 The deformation of a material resulting from mechanical stress is in
general made up of three components: an instantaneous and reversible elastic
component, a reversible but time-delayed viscoelastic (or anelastic) component,
and a time-dependent and irreversible viscoplastic component.!'®!” In this
respect, dynamic mechanical analysis (DMA) is a reliable tool to investigate these
different components by applying a small dynamic vibrational loading in the

18-25

course of heating.!'®?] DMA can monitor the temperature and frequency

23.26271 From a practical

dependence of both the storage and loss moduli of BMGs.!
viewpoint, the elastic and viscoelastic properties of BMGs at different
temperatures under dynamic loading conditions provide insight into the
processability and mechanical performance of different BMGs. This paper
reports thoroughly on the mode-dependent relaxation and crystallization behavior

of CuZrAl-based BMGs with minor Co and/or Hf additions.
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I1. MATERIALS AND METHOD

Master alloys of CuseZrasAls, CusaZrsuaAlgCos, CussZrasAlgHfs, and
CussZrssAlgCorHE, were prepared in a Buehler AMO.5 arc melting system under
a Ti-gettered argon atmosphere. The purity of the industrial-grade alloy
constituents was above 99.8 pct. Rotary and diffusion pumps were utilized to
evacuate the system down to 10 mbar. Upon melting, the current was raised to
a maximum of 150 A. To homogenize the ingots thoroughly, the melting was
repeated four times. The alloys were cast afterwards into rectangular plates with
dimensions of 10 mm in width and 75 mm in length, and a thickness of 2 mm
using a copper mold. The pressure gradient between the mold cavity and the
working chamber necessary for the suction was attained by purging argon into
the upper chamber. From the cast plates, rectangular pieces with 10 mm length,
I mm width, and 2 mm thickness were cut for further investigation using a
custom-built wire saw. The specimens were ground and polished down in equal
thicknesses from both sides to a thickness of 1.00 + 0.05 mm. The samples were
tested consecutively by dynamic mechanical analysis in three different modes of
deformation configuration (each test repeated multiple times to determine the
error) while purging with N, gas continuously upon heating and cooling. For all
the samples and modes of deformation, a constant heating rate of 10 K/min was
employed within a temperature range from 300 K to 850 K, mainly at a fixed
frequency of 1 Hz. 3-point bending (TPB) and tension were conducted under 10
N force (a sequence of 60 pct static and 40 pct dynamic load) in a displacement-
controlled condition with a displacement oscillation amplitude of 10 um. Torsion
was performed by imposing 5000 uN.m torque. As a comparison, another
CuyeZrscAlg sample was heated to 743 K at the same heating rate and cooling
condition. Structural analysis was conducted by X-ray diffraction (XRD)
employing a Bruker D2 Phaser diffractometer with Co K, radiation (4 = 1.7902
A) with a step size of 0.02 degrees. Detailed structural analysis of the base

composition (CuseZrssAlg) was carried out using transmission electron
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microscopy (TEM). Sample preparation was performed by cutting thin slices
from the BMG plate, grinding, and polishing using a dimple grinder. Final
thinning to electron transparency was performed using ion milling (Gatan PIPS2).
Ion milling was conducted at low energies using liquid nitrogen cooling to
eliminate heating upon sample preparation. The TEM analyses were conducted
using a JEOL 2100F equipped with an imaging spherical aberration corrector
(CEOS) at 200 kV. Selected area diffraction (SAD) patterns and high-resolution
TEM (HRTEM) images were recorded to verify the amorphous structure.

ITII. RESULTS AND DISCUSSION

A. Structural Analysis

Transmission electron microscopy (TEM) study of the base composition
(CuseZracAlg) 1s shown in Figure 1. Neither crystals nor any features (i.e., defects,

shear bands, or nanocrystals) are observed throughout the sample, which

corroborates the amorphous state of the as-cast BMG.

Fig. 1—(a) High-resolution TEM image, and (b) the corresponding selected area diffraction
pattern confirming the amorphous state.

B. Influence of Deformation Modes
Figure 2 illustrates the dynamic mechanical analysis results of the CuscZrisAls

bulk metallic glass base composition tested under tension, torsion, and 3-point
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bending (TPB). The glass transition temperature (7,) is marked by the sudden
change in the slope determined from the evolution of the loss modulus (G"). The
onset of the increase in G' after the sharp drop corresponds to the onset of
crystallization (7). Moreover, we observed an additional peak at 743 K in the
loss modulus (G") in the TPB mode. Similarly, the 7, and 7, values were
registered from G” in tension and torsion modes. The sample investigated under
TPB shows an increase in the storage modulus (G") from 89 + 1 GPa to 105 £ 1
GPa corresponding to fS-relaxation. TPB can involve larger groups of atoms
responding in a more cooperative oscillation manner compared to tension and
torsion. No stiffening was observed for the samples upon tension and torsion,
pointing out that the tension- and torsion-mode types of measurements are less
sensitive to structural changes around the glass transition. G” observed in TPB
increases as the temperature approaches the glass transition temperature (75 =715
+ 1 K). G" decreases afterwards with increasing the temperature to 729 K,
followed by a second rise, as the temperature reaches 743 K. After 743 K,
crystallization sets in, and thus G"” drops drastically to a minimum at 762 + 1 K.
At the tests domain, the stress in tension is 10 N/mm? over the sample, whereas
upon TPB the maximum stress reaches 120 N/mm?. The stress in TPB mode
promotes the stress/strain induced transformation, by which crystallization sets in
at lower temperatures. Excess wings observed in G” are due to the f-relaxation

of the amorphous matrix.[?3-3"]

58



a

110
100 Cu462r46A18
90
o
£ 50 K
;‘ 70 ] I i’
=
S 60 i
= \ i
504 h |
£ 1 Hz i T
%Q 40 4 1
& 301 TPB i IQ
o H
20 . T
Tension 3
104 ; v
0] Torsion
T T T T T T T T T T
300 330 400 450 300 550 600 630 7000 750 800 RS0
T (K)
20 b T
i ] TSER e T xmKll
164 hcating ratc ]
- 10 K/min ey bs
3 14 B3R
& 81K
ERS A
"5 10 7151{“%.
IS % l?iix
81 It a
< ‘1;’[ o Ve 0K
6 ¥
I| v
47 1
‘/-\J/ " I
300 330 400 450 500 550 600 630 700 750 BOD 850

T(K)

Fig. 2—(a) Storage modulus (G") and (b) loss modulus (G") of Cu46Zr46A18 BMG as a
function of temperature. The frequency and heating rates are 1 Hz and 10 K/min, respectively.

To study the second glass transition (7,,) event observed in G” of TPB, the DMA
test on the cast CussZrs6Alg sample of the stated dimensions was repeated in TPB
in a temperature range of 300 K to 743 K. The sample was polished after DMA
testing and compared to the as-cast CussZrisAlg using X-ray diffraction (see
Figure 3). After DMA, the second sharp diffraction peak broadens, indicating
structural changes. Hence, it is concluded that the applied thermomechanical
driving force can deviate the system from equilibrium, inducing structural

heterogeneities.
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Fig. 3—XRD patterns of the Cu46Zr46Al8 (a) in the as-cast state and (b) after 743K in the
DMA.

The storage modulus G' and the loss modulus G" of CuZr-based BMGs are, in
general, sensitive to the applied frequency. In order to assess the influence of
frequency on the dynamic mechanical properties, specimens were tested in TPB
configuration at a fixed heating rate of 10 K/min at various frequencies. Figure 4
presents the evolution of G'and G"” in CuyeZrssAlg as a function of temperature at
three different testing frequencies (0.1 to 1 to 10 Hz) employing the same heating
rate. The position of the large decrease in G' after 7, and the large increase in the
loss modulus G" (corresponding to Ty) shifts towards higher temperatures when

the frequency increases from 0.1 to 10 Hz. This variation was quantified by
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recording the shift of the characteristic temperatures by changing the frequency.
An Arrhenius plot of the frequency dependence of G'leads to an activation energy
of E,=7.6 £0.1 eV (732 + 10 kJ/mol), which is a typical value for cooperative
relaxation processes.!'”?Y This reasonably high value may be attributed to the
collective motion of a large number of atoms in this BMG.[?°31*2 However, the
frequency does not seem to have that much of an effect on the position of T as
the frequency varies from 0.1 to 10 Hz. The variations in the G' and G" peaks
correspond simply to the increase in atomic mobility with increasing temperature
or decreasing frequency. The extra peak in G” at 1 Hz manifests the complex
stress state of the TPB mode, which can trigger two different relaxation modes
step by step until reaching 7. However, this peak is smeared out at the
frequencies of 0.1 and 10 Hz, which led us set the frequency to 1 Hz for the series

of DMA tests to show more effects on the evolution of G”.
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Fig. 4—Influence of the driving frequency on (a) the storage modulus (G') and (b) the loss
modulus (G") of CussZrssAlg bulk metallic glass during continuous heating. The measurement
frequencies were 0.1 to 1 to 10 Hz, and the heating rate was 10 K/min. The 7, measurements
at different frequencies result in a linear Arrhenius behavior with a slope of 7.6 £ 0.1 eV
obtained from the slope of the linear fit (inset).

Figure 5 displays the storage (G') and loss (G") moduli of CussZrssAlgCos. Co
addition increases 7,, and thus the thermal stability of the CuZrAl-base
amorphous alloy. G", as measured in TPB and torsion modes, remains constant
in the glassy state at temperatures up to ~ 640 K. However, from 640 K to the 7y,
it increases gradually due to the relaxation that occurs during heating. In the
supercooled liquid region, a second peak (7,) is present in the G” curve measured
in TPB, confirming the sensitivity of the TPB analysis. Here, the SCLR is
determined by the difference between the crystallization temperature and the
glass transition temperature (47, = T, — Ty). It can be seen that the material shows
higher resistance to thermomechanically induced changes under tension in
comparison to TPB or torsion. By introducing 4 at. pct Co, amorphous phase
separation occurs between softer Cu-rich and harder Co-rich phases in the matrix
of CussZrssAlsCoy due to the positive heat of mixing of Cu-Co (6 kJ/mol). This
suggests the strength retention at elevated temperatures. Compared to
CuyeZrscAls, 4 at. pct Co addition in the Cuss.x2Z146x2AlsCox amorphous alloy
leads to a more stabilized G’ at elevated temperatures, showing an increase in the

thermomechanical stability.
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Fig. 5—Evolution of (a) the storage modulus (G') and (b) the loss modulus (G”) of
CussaZrs4AlgCos with temperature during continuous heating (10 K/min) from 300 K to 850 K
at a fixed frequency of 1 Hz.

In the amorphous state, the dynamic mechanical properties of the CussZrss AlgHfy
alloy are similar to those observed for the CussZrisAls BMG. Figure 6 illustrates
a pronounced difference between the onset of 7, in TPB mode compared to the
other two modes observed in G'. Ty 1s characterized by the abrupt rise of G”,
where the peak maximum in G” can be addressed to 7y in G'. A larger hump
indicating more stiffening of the CussZrs4AlsHf, alloy can be seen in the G' upon
TPB. Similar to the previous samples, a pronounced dynamic glass transition, 7>,
is observed only in the TPB mode of deformation. In tension mode type of
measurement, the 7, event sets in at higher temperatures compared to the other

two deformation modes. Thus, in tension, a larger thermo-mechanical driving
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force is required to visualize the modifications, which can be considered as a

disadvantage of the tensile deformation mode.
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Fig. 6—Temperature dependence of (a) the storage (G') and (b) the loss moduli (G")
determined during continuous heating from 300 K to 850 K with a heating rate of 10 K/min at
a testing frequency of 1 Hz.

Figure 7 shows the influence of adding two different minor alloying elements,
1.e., Co and Hf. The presence of Co and Hf atoms (2 at. pct each) in the given
proportion induces a more uniform profile of G’ and G” vs. temperature. Due to
the shift of 7, towards higher temperatures and 7\ being constant, 47 becomes
narrower. Combined with the results of Figure 5, these observations suggest that
in the studied CuZr-based BMGs Co is the main minor alloying element

influencing the dynamic behavior.
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Figure 8 illustrates the DMA results of the 4 different BMGs (i.e., CussZrssAls,
CugsZrssAlgCos, CusaZrssAlsHEs, and CugsZrisAlsCo,Hf,) investigated under
TPB. Co addition increases 7, and thus the thermal stability of the CuZrAl-base
amorphous alloy. The T, of the CusuZrssAlsHf, alloy is similar to that observed
for the CuasZrasAlg. The presence of Co and Hf atoms (2 at. pct each) in the given

proportion leads to a glass showing a more uniform profile of G’ and G” vs.

temperature.
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temperature during continuous heating (10 K/min) from 300 K to 850 K at a fixed frequency
of 1 Hz.

IV. CONCLUSION

Measurements of the dynamic shear modulus in a temperature range of 300 K to
850 K have been performed on four types of CuZr-based bulk metallic glasses
with various Hf and/or Co contents (2 to 4 at. pct), i.e., CussZrssAls,
CusaZraaAlgCos, CusaZrasAlsHEs, and CussZrisAlsCo,Hf,. Casting rectangular
plates can generate fully glassy BMGs, as confirmed by an HRTEM study. The
temperature of this transition is shifted towards higher temperatures when the
testing frequency is increased for a given alloy, or when the Co content is

increased for a given testing frequency. Thus, these observations suggest that the
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Co content in the studied CuZr-based BMG leads to an enhancement in the
dynamic mechanical stability at elevated temperatures. Upon 3-point bending, a
pronounced second peak (7,2) in G" and broadening of the second broad
diffraction peak are observed. This finding highlights the fact that, compared to
tension and torsion, the TPB at 1 Hz frequency induces a complex stress state,
and, thereby, triggers two different relaxation modes step by step until reaching
7. The high value of the activation energy of this thermomechanically activated
phenomenon indicates that a collective movement of atoms is involved in this
relaxation process. Different from DMA tests performed under tension and
torsion, the complex stress state generated by 3-point bending reveals the high
measurement sensitivity manifested by the presence of an additional glass

transition peak (7y2).
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ABSTRACT

This paper envisions TisZroCussPd s bulk metallic glass as an oral implant
material and evaluates its antibacterial performance in the inhabitation of oral
biofilm formation in comparison with the gold standard Ti—6Al-4V implant
material. Metallic glasses are superior in terms of biocorrosion and have a
reduced stress shielding effect compared with their crystalline counterparts.
Dynamic mechanical and thermal expansion analyses on TisZr;oCussPdi4 show
that these materials can be thermomechanically shaped into implants. Static water
contact angle measurement on samples' surface shows an increased surface
wettability on the Ti—-6Al-4V surface after 48 h incubation in the water while the

contact angle remains constant for TisZrioCuszsPdis. Further, high-resolution
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transmission and scanning transmission electron microscopy analysis have
revealed that Tis0Zr10CussPd 4 interior is fully amorphous, while a 15 nm surface
oxide is formed on its surface and assigned as copper oxide. Unlike titanium oxide
formed on Ti—6Al-4V, copper oxide is hydrophobic, and its formation reduces
surface wettability. Further surface analysis by X-ray photoelectron spectroscopy
confirmed the presence of copper oxide on the surface. Metallic glasses
cytocompatibility was first demonstrated towards human gingival fibroblasts, and
then the antibacterial properties were verified towards the oral pathogen
Aggregatibacter actinomycetemcomitans responsible for oral biofilm formation.
After 24 h of direct infection, metallic glasses reported a >70% reduction of
bacteria viability and the number of viable colonies was reduced by ~8 times, as
shown by the colony-forming unit count. Field emission scanning electron
microscopy and fluorescent images confirmed the lower surface colonization of
metallic glasses in comparison with controls. Finally, oral biofilm obtained from
healthy volunteers was cultivated onto specimens' surface, and proteomics was
applied to study the surface property impact on species composition within the

oral plaque.
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1. Introduction

Bacterial biofilm formation on oral implant surfaces is a leading cause of the
development of peri-implant inflammatory disease, which affects the surrounding
tissue of the implant, predominately the bone. The adhesion of pathogenic biofilm
on the implant and peri-implant tissues results in bone loss and destruction of
connective soft tissue. Currently, the gold standard oral implant is based on Ti—
6Al1-4V alloy. The combination of good biocompatibility and high strength
makes Ti—-6Al-4V alloy a desirable choice for oral implants. However, several
disadvantages, including its elastic modulus mismatch with bone leading to a
stress-shielding effect [ | ], weak wear resistance contributing to inflammation and
fatigue corrosion, as well as the low hardness, have led to the search for
alternative implant materials.

Sometimes above 500 bacterial species are involved in forming a biofilm on oral
implant surfaces [2] that briefly starts with pellicle formation on the surface,
followed by reversible bacterial adhesion with feeble interactions between
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bacterial pellicle and implant surface or tissues around it that can conduct strong
interactions. Finally, due to bacterial co-adhesion and the production of extra
cellular polysaccharide matrix, a sophisticated 3D bacterial community is created
into biofilm structures [3,4]. A great body of research has been conducted on the
development of implant surfaces to interfere with each of the above-mentioned
steps and, as a result, minimize the bacterial biofilm formation on oral implants.
The development of antibacterial surfaces yet cytocompatible oral implants is not
an easy task. There are several approaches to prevent or counteract bacterial
colonization, such as the generation of superhydrophobic antifouling surfaces
preventing the early adhesion. Sharifikolouei et al. have shown that zirconium-
based metallic glasses with superhydrophobic surfaces can prohibit bacterial
adhesion formation up to 95% while keeping their cytocompatibility up to 97%
[5]. However, since oral implants are required to be well integrated within the
pre-implant and bone tissue, superhydrophobicity of the surface might be a
disadvantage. In fact, it has been shown that porous and hydrophilic surfaces
might show superior bone growth and molecular surface functionalization [6,7].
Ferraris et al. have shown that the creation of a thin layer of nanotextured titanium
oxide on Ti-implants can promote superior osseointegration, and the
nanotextured pattern can help with the antifouling properties against Gram-
positive and Gram-negative bacteria [&]. In another attempt, Li et al. have shown
that Ti-implants coated with graphene enhance the biological activity of the
implant surface and may further promote in vivo osteogenesis and
osseointegration [9]. However, the long-term mechanical stability of graphene
nanocoating is not studied, and it requires further evaluation. Surface
functionalization of Ti implants is another popular approach to create
cytocompatible and antibacterial surfaces. As an example, natural biomolecules
such as gallic acid and polyphenols extracted from natural byproducts are shown
to be successful for this purpose [10]. Another example is the loading of

mesoporous dopamine (MPDA) nanoparticles with nitric oxide (NO) donor, S-
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nitrosoglutathione (GSNO), which were immobilized on the surface of titanium
(T1) to reduce bacterial infection and improve osseointegration [11].

Bulk metallic glasses (BMGs) are relative newcomers in materials science,
showing unique behavior due to the absence of crystallinity and the associated
lack of microstructural features such as grain and phase boundaries [1,12-14].
Among advanced glassy multicomponent systems, Ti-based BMGs are exploited
as biomedical materials mainly owing to low Young's modulus, high
processability, good biocompatibility, and bioactivity of the Ti element [ 15-19].
Besides, they have a higher oxidation resistance, corrosion passivity, and lower
corrosion current density than conventionally used Ti— 6Al-4V alloys, indicating
a better corrosion resistance [20]. It has been proven that the mechanical,
corrosion, biocompatible and antibacterial properties of Cu-bearing Ti-based
BMG were enhanced by controlling the porosity [21-23]. Moreover, Ti-MGs and
composites have 1.5 to 2 times better wear resistance than Ti-based crystalline
alloys [24,25]. The grain-free microstructure also yields twice to three times
higher fracture strength and hardness as compared to other conventionally used
crystalline Ti-based alloys [26,27]. In the literature, some metallic glass types are
reported as potential biomaterials considering the bioactivity of the constituent
elements and their intermetallic compounds [28,29]. TispZr10CussPdis BMG is
robust in dental applications with high resistance to sterilization and corrosion
when submerged in 0.9 wt% NaCl solution [30]. It possesses, in comparison to
Ti—6Al 4V, higher strength and lower Young's modulus, which is beneficial in
reducing the stress-shielding effect [31-34]. Moreover, metallic glasses show
extensive plastic-like processability when heated to elevated temperatures
[35,36]. These properties motivated us to study TisZr10CuscPdis BMG further.
To develop any concept in the framework of biomedical alloy systems, the
biological safety investigation of compositions is of utmost importance in order
to avoid adverse reactions to the human body. As an example, to broaden the

concept, implantation guidelines for oral implants [37] suggest the application of
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antibiotics as a precaution to avoid post-operative infections. This necessity is,
however, problematic in a twofold manner. The increased presence of drug-
resistant bacteria [38] reduces the options in the case of post-operative infections,
and on the other hand, the development of antibiotic resistance is increased by
the increasing prophylactic application of antibiotics. Moreover, surgical site
infections (SSI) may be underestimated due to dormant bacteria that adhered to
the initially sterile implant during the surgical intervention. Such dormant
infections may break some weeks or months later. It is thus crucial to reduce the
adhesion of microbial biofilms to the implant surface or control the bactericidal
load over time to counteract the rising infection. Furthermore, the
biocompatibility and the tissue- and osseointegration should be preserved.
Specific groups of metallic glasses are believed to answer some of these issues.

In this work, first the microstructure and the mechanical properties of
Ti40Z110Cu36Pd14-BMG metallic glass are investigated. Then the evaluation of its
performance as an oral implant is specifically investigated towards the oral strain
Aggregatibater actinomycetemcomitans that is considered one of the main
pathogen responsible for oral periodontal and peri-implant diseases. Moreover,
to mimic the real conditions, oral plaque is collected from healthy volunteers and
cultured on the implant devices; the changes in the bacterial consortium in

response to the material is investigated by proteomics analysis.

2. Materials and methods

2.1. Casting

A TisZr10CusePdis master alloy was synthesized using an Edmund Buehler
AMO.5 arc melting system operating under a Ti-gettered argon atmosphere. The
industrial-grade alloy constituents of 99.9% purity were weighed with an
accuracy of + 0.001 g. Rotary and diffusion pumps were utilized to evacuate the
system to to 10”7 mbar. Upon melting, the melting current was raised to 160 A.

To homogenize the ingot thoroughly, the melting was repeated four times. The
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alloy was cast afterwards into a copper mold with a rod geometry of 3 mm in
diameter and 60 mm in length. The pressure gradient required for suction between
the designed mold cavity and the working chamber was attained by purging

argon. From the cast rod pieces were cut for characterizations.

2.2. XRD, DSC, and TEM analyses

Structural analysis was conducted by X-ray diffraction (XRD) employing a
Bruker D2 Phaser diffractometer with Co Ka radiation (A = 1.7902 A) with a step
size of 0.02°. Differential scanning calorimetry (DSC) tests were performed with
a Mettler Toledo DSC 3+ under an argon atmosphere at a constant heating rate of
10 K/min. The weight of the specimens was 10 + 0.5 g. They were heated twice
in the DSC, and normalization was done by subtracting the baseline from the
original heating curve. The cooling rate between cooling intervals was 50 K/min
to minimize the effect of the time spent for cooling on the overall DSC data. All
the DSC measurements were repeated 4 times, and an error of £ 2 K was
determined for the glass transition and crystallization temperatures. Detailed
structural analysis was carried out using transmission electron microscopy
(TEM). An electron transparent lamella of the surface region was created via
focused ion beam (FIB) lift-out technique within a Zeiss Auriga workstation
equipped with an omniprobe micromanipulator. To protect the sample surface
during FIB cutting a protective carbon layer and an amorphous W layer was
deposited on top of the surface using the gas injection system (GIS) of the work
station. Coarse trench cuts up to fine polishing of the lamella was performed at
acceleration voltage of 30 kV and current ranging from 2 nA down to 50 pA. The
TEM analyses were conducted in a JEOL 2200FSat 200 kV, where HR-TEM was
performed in the region close to the sample surface and the sample interior
selected area diffraction (SAD) patterns and highresolution TEM (HR-TEM)

images were recorded to verify the amorphous structure including TEM-EDX
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analysis to study the elemental composition of the surface region and interior of

the glass.

2.3. DMA and TE

Dynamic mechanical analysis (DMA) was conducted using a Diamond DMA
(Perkin Elmer, Inc.) in compression mode within a temperature range from 300
K to 850 K while purging with N2 gas continuously upon heating, a constant
heating rate of 10 K/min was employed at frequencies of 0.1 to 1 to 10 Hz. The
specimens are solid rectangular shapes 6 mm in height and 3 mm in diameter.
The experiments were performed by imposing 10 N axial force in a displacement-
controlled mode with a displacement oscillation amplitude of 10 pm. Thermal
expansion/ contraction (TE) was measured using a thermomechanical analyzer
TMA 4000 (Perkin Elmer, Inc.) under a constant load of 50 mN. The specimens
were heated from 300 K to 850 K at a 10 K/min heating/cooling rate.

2.4. Wear resistance analysis

Specimens (3 mm diameter) were submerged with 7 ml/specimen of artificial
saliva solution and were placed inside a shaker (120 rpm, T =37 °C) for 1, 3, and
7 consequent days. At each time point, the supernatants were collected and used
to investigate the ion release (T1, Zr, Cu, Pd for TigZr10CuscPd;4) from the surface
using inductively coupled plasma mass spectrometry (ICP-MS, i1CAP Q,

ThermoFischer).

2.5. Antibacterial evaluation

2.5.1. Strain growth condition

Bacteria were purchased from the American Type Culture Collection (ATCC,
Manassas, USA). Specimens' antibacterial properties were assayed towards
Aggregatibacter actinomycetemcomitans (ATCC 33384), a Gram-negative

bacteria commonly responsible for oral environmental infections leading to

78



periodontal and peri-implant diseases). The bacteria were cultivated in trypticase
soy agar plates (TSA, Sigma-Aldrich) and incubated at 37 °C until round single
colonies were formed; then, a few colonies were collected and spotted into 15 ml
of Luria Bertani broth (LB, Sigma-Aldrich) and incubated overnight at 37 °C
under agitation (120 rpm). The day after, a fresh broth culture was prepared prior
to the experiment by diluting bacteria into a fresh medium till a final
concentration of 1 x 10° bacteria/ml corresponding to a spectrophotometric
optical density of 0.001 at 600 nm wavelength [39]. (Spark, from Tecan,

Switzerland).

2.5.2. Antibacterial activity evaluation

Antibacterial properties were assayed after 90 min (early time point) and 24 h
(late time point) of direct infection. The specimens (3 mm diameter) were
submerged with 200 pl of LB containing 1 x 10° bacterial cells in a 96-multiwell
plate. Then in order to improve contact between bacteria and specimens, the
multiwall plate was agitated by using an orbital mini shaker inside the incubator.
At each time point, the LB (from Sigma-Aldrich) were gently collected from each
specimen to evaluate the number of viable floating bacteria, whereas adhered
bacteria were detached from specimens' surface by sonication and vortex (5 min
each, 3 times). The number of viable bacteria was determined by the
colonyforming unit count (CFU) as previously detailed [&], whereas the viability
of adhered bacteria was evaluated by means of their metabolic activity using the
resazurin colorimetric metabolic assay (alamarBlue™, ready-to-use solution
from Life Technologies) by directly adding the dye solution (0.0015% in
phosphate buffer saline (PBS)) onto the infected specimens. After 4 h of
incubation in the dark, the fluorescent signals (expressed as relative fluorescent
units — RFU) were detected at 590 nm by spectrophotometer (Spark, from Tecan,
Switzerland). Moreover, the fluorescent Live/Dead assay (BacLight™, Bacterial

Viability Kit for microscopy, Invitrogen) was applied to visually detect viable
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colonies adhered to the sample; images were collected with an EVOS FLoid
microscope (from Life Technologies). Finally, field emission scanning electron
microscopy (FESEM, SUPRATM 40, Zeiss) imaging was used to detect biofilm-
like colonies aggregates; briefly, specimens were dehydrated by the alcohol scale
(70-80-90-100% ethanol, 1 h each), swelled with hexamethyldisilazane, mounted
onto stubs with conductive carbon tape and covered with a chromium layer.

Images were collected at different magnifications using secondary electrons.

2.6. In vitro cytocompatibility evaluation

2.6.1. Cells cultivation

Human gingival fibroblast cells (HGF) were purchased from PromoCell (C
12,974) and cultivated in low-glucose Dulbecco's modified Eagle medium
(DMEM, Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS,
Sigma-Aldrich) and 1% antibiotics at 37 °C, 5% CO2 atmosphere. Cells were
cultivated until 80%—-90% confluence, detached by atrypsin EDTA solution
(0.25% in PBS), harvested and used for experiments.

2.6.2. Cytocompatibility evaluation

Cells were directly seeded onto specimens' surface (3mm diameter) at a defined
density (2000 cells/sample), and after 4 h of allowing adhesion, 450 pl of culture
media was added to each sample. Subsequently, they were cultivated for 24 and
48 h; at each time point, the viability of the cells were evaluated using metabolic
activity using the resazurin metabolic assay as prior described; moreover, the
fluorescent Live/Dead assay was applied to visually check for viable cells
(Live/Dead, Viability/Cytotoxicity Kit for mammalian cells, Invitrogen) with a
digital EVOS FLoid microscope (from Life Technologies). Finally, the
morphology of cells was visually investigated by FESEM imaging.

2.7. Oral plaque prevention
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2.7.1. Preparation of oral plaque

Samples of oral plaque were collected from 3 healthy volunteers by non-invasive
procedures and after obtaining their informed consensus in accordance with the
Declaration of Helsinki. None of them used antibiotics nor had undergone
periodontal treatment during 3 months prior to sampling. Oral plaque samples
were taken from supragingival parts of premolars or molars with individual sterile
Gracey curettes by gently scraping. After their removal, samples were pooled and
maintained in sterile cooked meat culture broth (Sigma-Aldrich).
Microorganisms were dispersed by vortex and subsequently transferred in 30 ml
of fresh media. After 24 h, the bacterial community of oral plaque was frozen and

stored at —80 °C to preserve the starting population.

2.7.2. Bacterial consortium assessment

In order to investigate whether TisZr0CussPd;4»-BMG has any effect on
influencing the bacterial community involved in oral plaque, the samples were
submerged into 300 pl of cooked meat broth, including about 1 x 10° bacterial
cells. After incubation in anaerobic conditions (by means of anaerobic Bug Box,
500 rpm and 37 °C) for 24 h, the floating planktonic bacteria were collected and
pelleted by centrifuging at 5000 rpm for 20 min. In order to investigate bacterial
biofilm, the samples of TisZroCussPdis--BMG and Ti—6Al-4V were washed
once with PBS solution to remove unattached bacterial cells. Then, the samples
were sonicated three times (5 min followed by 20 s vortex) to detach bacterial
biofilm that was pelleted as detailed for the planktonic counterpart. Moreover,
bacteria-contaminated material surfaces and biofilm feature and development

were visually checked by FESEM as previously described.

2.7.3. Protein extraction and digestion
Protein extraction of planktonic and biofilm was performed by adding 200 pl of

lysis buffer, mainly composed of 8 M urea buffer (pH 8.5) and Tris-HCI, to both
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planktonic and biofilm form samples obtained in the previous section. For the
release of all bacterial cells' proteins, the samples were sonicated 6 times (each
time 10 s). After protein quantification assayed by using Bradford reagent
(Sigma-Aldrich), a certain volume of protein samples that equals 80 pg (threshold
concentration for proteomics assay) was added to 25 pl of 100 mM ammonium
bicarbonate (NH4HCO3). For protein reduction, two following solutions: 15 pl
trifluoroethanol (TFE, 99%) and 2.5 pl of dithiothreitol (200 mM DTT stock
solution) (Sigma-Aldrich), were added and kept at 60 °C for 30 min. Furthermore,
proteins were alkylated with 10 pL of cysteine blocking reagent (Iodoacetamide,
[IAM, 200 mM; Sigma-Aldrich) for 30 min at room temperature in the dark and
digested with trypsin (Promega, Sequence Grade) overnight at 37 °C. Trypsin
activity was stopped by adding 2 pL of neat formic acid and the digests were
dried by speed vacuum [40].

2.7.4. Proteomics analysis

In order to investigate the impact of Ti-BMG on bacterial consortia of oral
biofilm, proteomics analysis was performed on the protein samples prepared in
the previous section.

The digested peptides were analyzed with a UHPLC Vanquish system (Thermo
Scientific, Rodano, Italy) coupled with an Orbitrap Q-Exactive Plus (Thermo
Scientific, Rodano, Italy). Peptides were separated by a reverse phase column
(Accucore™ RP-MS 100 x 2.1 mm, particle size 2.6 um). The column was
maintained at a constant temperature of 40 °C at a flow rate of 0.2 mL/min.
Mobile phases A and B were water and acetonitrile, respectively, both acidified
with 0.1% formic acid. The analysis was performed using the following gradient:
0-5 min from 2% to 5% B; 5-55 min from 5% to 30% B; 55-61 from 30% to
90% B and held for 1 min, at 62.1 min the percentage of B was set to the initial

condition of the run at 2% and hold for about 8 min in order to re-equilibrate the
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column, for a total run time of 70 min. The mass spectrometry (MS) analysis was
performed in positive ion mode. The electrospray ionization source was used with
avoltage of 2.8 kV. The capillary temperature, sheath gas flow, auxiliary gas, and
spare gas flow were set at 325 °C, 45, 10, and 2 arb, respectively. S-lens were set
at 70 rf. For the acquisition of spectra, a data-dependent (ddMS2) top 10 scan
mode was used. Survey full-scan MS spectra (mass range m/z 381 to 1581) were
acquired with resolution R = 70,000 and AGC target 3 x 10°% MS/MS
fragmentation was performed using high-energy c-trap dissociation (HCD) with
resolution R = 35,000 and automatic gain control target of 1 x 10° The
normalized collision energy (NCE) was set to 30. The injection volume was 3 pl.
The mass spectra analysis was carried out using Mascot v.2.4 (Matrix Science
Inc., Boston, USA): the digestion enzyme selected was trypsin, with 2 missed
cleavages, and a search tolerance of 10 ppm was specified for the peptide mass
tolerance, and 0.1 Da for the MS/MS tolerance. The charges of the peptides to
search for were set to 2+, 3+, and 4+, and the search was set on monoisotopic
mass. The following modifications were specified for the search:
carbamidomethyl cysteines as fixed modification and oxidized methionine as
variable modification. The Human Oral Microbiome Database V3 was used, and
a target-decoy database search was performed. False discovery rate was fixed at
1% [41]. Peptides were mapped to their respective taxa of origin using Unipept

[42].

2.8. Statistical analysis of data

Experiments were performed in triplicate. Results were statistically analyzed
using the SPSS software (v.20.0, IBM, USA). First, data normal distribution and
homogeneity of variance were confirmed by the Shapiro-Wilk's and the Levene's
test, respectively; then, groups were compared by the one-way ANOV A using the
Tukey's test as post-hoc analysis. Significant differences were established at p <

0.05.
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3. Results and discussion

3.1. Materials properties evaluation

Fig. 1 shows images of (a) the casting set-up and (b) the outer surface appearance
of the cast rods of 3 mm in diameter. Fig. 1c displays the differential scanning
calorimetry (DSC) data obtained from the cast alloy. The curve exhibits an
endothermic event, characteristic of glass transition to supercooled liquid,
followed by exothermic reactions corresponding to crystallization of the
supercooled liquid. The glass exhibits two exothermic peaks associated with a
two-stage crystallization. X-ray diffraction (XRD) of Tis0Zr10CuszsPdi4 shown in
the inset signifies a glassy nature, which is confirmed by transmission electron
microscopy (TEM) studies (Fig. 4). Neither crystals nor any features (i.e., defects,
shear bands, or nanocrystals) are observed throughout the sample, which

corroborates the amorphous state of the as-cast BMG.

+— Exothermic Heat Flow (Wg'1)

650 700 750 300 850
T (K)

Fig. 1. (a) 3D demonstration of an arc melter suction casting (b) The produced Tis0Zr10CuszsPd14
BMG (c) DSC analysis together with the XRD data of the as-cast sample in c-inset.

BMG in many biomedical applications requires a net-shape manufacturing
process. The large resistance of BMG to crystallization results in an accessible
supercooled liquid region (SCLR) on a convenient time scale for processing. This
allows for a net-shape process, where the BMG behaves like a plastic [43-46]. It

means, the sluggish crystallization kinetics in the SCLR confers a promising net-
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shape processing route, by which the material can be deformed within a much
longer time window [35,36,47]. In this regard, the structural relaxation and
crystallization behavior of glasses exposed to thermomechanical driving forces
merit in-depth exploration. Fig. 2 illustrates the dynamic mechanical analysis
(DMA) and thermal expansion (TE) results of the as-cast TisoZr0CussPdi4 glass
investigated under compression. The storage modulus (G'), the loss modulus
(G"), and thereby the loss factor (tan 0) of Ti-based BMG are, in general, sensitive
to the applied frequency. To assess the influence of frequency on the thermo-
mechanical response, specimens were tested in compression mode employing a
fixed heating rate of 10 K/min at various frequencies. Fig. 2 (a), (b), and (c)
present respectively the evolution of G', G”, and tan J in Ti4Zr0CussPd,4 at three
different testing frequencies (0.1-1-10 Hz). Although the frequency does not
seem to affect the characteristic temperatures, the glass transition and
crystallization events are mitigated as the frequency varies from 0.1 to 10 Hz.
This suggests that 0.1 Hz can involve larger groups of atoms to respond in a more
intense oscillation way, whereas with higher frequencies, a larger thermo-
mechanical driving force is required to visualize the effects, which can be
considered a disadvantage. The glass transition temperature (7;) and
crystallization temperature (7) are registered from G” and tan J. The peak
maximum of the hump exhibited in the a region of the G” can be addressed to the
T, (654 = 1 K). GOO increases as the temperature approaches the onset of
crystallization (Tx; = 709 £ 1 K). After 709 K, the first crystallization sets in, and
thus it drops drastically to a minimum at 734 = 1 K, followed by variations in the
evolution of G" and a second rise afterwards as the temperature reaches 791 + 1
K, there the second crystallization takes place and G” drops again. G' of 0.1
develops an evident shoulder as the temperature ranges from 382 +1 K —-416 K,
indicating a clear relaxation. G' decreases afterwards from 92 + 1 GPa gradually
to 70 £ 1 GPa at 578 + 1 K, followed by a plateau till 7,. G' rises and heads up

with 90° at the onset of crystallization temperature to 137 = 1 GPa and afterwards
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with variations in values further to 193 £ 1 GPa at 822 + 1 K. Fig. 2 (d) shows
the corresponding dilatometer trace. The dilatation curve is linear at lower
temperatures until the onset of structural relaxation at 493 + 1 K, where the
thermal expansion starts to counteract the contraction, which saturates around 550
+ 1 K. The ordinate signal remains more or less constant during the transition into
the supercooled liquid state, and thereafter until the first crystallization is reached,
which is indicated by a step-like drop in the signal within 709 = 1 — 724 + 1 K.
Afterwards, the glass continues to expand obeying nearly the same thermal
expansion coefficient as below 493 K. A further penetration step occurs at 791 +
1 K as the glass crystallizes in the second stage till 812 & 1 K. These observations
elucidate the processing range, in which the considered Ti-based glass can be

thermomechanically shaped to implants [48—50].
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Fig. 2. DMA and TE data of the as-cast samples; (a) Storage modulus (G"), (b) loss modulus
(G™), (¢) loss factor (tan 8), and (d) thermal expansion of TisZr10CussPdis BMG as a function
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of temperature. The heating rate was 10 K/min, and the DMA measurement frequencies were
0.1-1-10 Hz.

Static water contact angle measurements were conducted via the sessile drop
method on the etched surface of as-cast Tis0Zr;¢CuszsPdis BMG and Ti—-6Al-4V,
and the same test was repeated on their surface after incubation in a water medium
for 48 h at 37 °C, and rpm = 120. The results are shown in Fig. 3. According to
this figure, the water contact angle for both etched samples is in the same range
of values. The purpose of etching was to remove any unwanted oxide layer caused
during casting. However, after 48 h incubation in water, the hydrophilicity of Ti—
6A1-4V increases significantly while the water contact angle for Ti49Zr;0CussPd 4
BMG remains the same. Previous studies show that the formation of the TiO2
layer on Ti-6Al-4V can significantly increase its surface wettability [51]. There
are two possibilities to explain this phenomenon. TispZr;0CuszsPd;4s BMG 1s much
more resistant to oxidation compared with Ti—6Al-4V. Therefore, the extent of
oxidation for Ti—6Al-4V after 48 h i1s expected to be much more significant than
Ti40Z110CussPd14s BMG. Furthermore, depending on the type of the oxide layer,
the wetting behavior is expected to be different. The oxidation behavior of Ti—
6A1-4V is very well-studied, and it is a fact that the formation of TiO2 on Ti—
6A1-4V improves the surface wettability significantly [52]. On the other hand,
the oxide layer forming on Ti4Zr0CussPdi4 BMG could be Ti0,, Cu,O, or ZrOs.
In the case of Cu,0O formation, the oxide layer is studied to have a hydrophobic
to the superhydrophobic surface, and therefore, if it is partially formed on
Ti40Z110CussPd1s BMG, it would not improve the surface wettability [53]. A
similar outcome is expected from ZrO,. Therefore, further investigation is

required to identify the type of oxide layer formed on TisZr;0CuszsPdi4 BMG.
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Fig. 3. Water contact angle measurements on Ti40Zr10CuszsPd14-BMG (referred to as Ti-BMG
for short) and Ti—6Al-4V after etching and after 48 h incubation in water at 37 °C, rpm = 120.

The surface of TisZr0CuscPd 4 was further analyzed by HRTEM, and its results
are presented in Fig. 4. Since the surface is an important contributor to the
antifouling properties of the alloy, specific attention is paid to distinguishing
between the surface of the alloy in comparison with its interior. Fig. 4a shows the
TEM picture of the sample's crosssection and the surface, and the interior part of
BMG is marked. While the sample interior is fully amorphous, as shown in Fig.
4b and inset, a 15 nm thin surface region was identified, showing a mixed
amorphous and nanocrystalline structure in Fig. 4c, as confirmed by the selected
area diffraction (SAD) patterns in the inset of 4c, respectively. The lattice

distance in crystalline surface area was measured to be 0.22 nm.

interior
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Fig. 4. HR-TEM images comparing the structure of the interior and the surface of the as-cast
Tisa0Z110CusePd14 glass; (a) overview, (b) close-up of the fully amorphous interior, and (c) close-
up of the surface region showing nanocrystals embedded in an amorphous matrix.

The elemental distribution of both regions was determined using STEM-EDX, as
shown in Fig. 5. From the elemental maps in Fig. 5a significant change in
elemental compositions between the interior of the glass and its surface can be
seen. Fig. 5b shows an EDX line scan to quantify the change of composition,
showing an increase of oxygen and copper in the 15 nm thin surface region and a
decrease of Ti, Zr, and Pd, corroborating the possible copper oxide formation.
Since O is also detected in this analysis, and Pd is a noble metal, the oxide surface

layer can be deduced to be copper oxide predominantly.

interior

p 4 3D
b) Interior //\- surface
50 ;/. \/‘x /\
|'r V

40{ ~o J >
BQ. = el o
€ 30/ a— P
.8 Ti
@ 20 f — CU

10 4 _-H_,_\"_//\'/\\

i M

Distance (nm)

89



Fig. 5. TEM-EDX analysis showing a change of the elemental composition between interior
and surface of the as-cast Tis0Zr10CuzsPdis4 glass (a) elemental maps of O, Cu, Ti, Pd, and Zr
and (b) line-scan across the transition between the interior and surface region.

Further surface analysis on as-cast TisZr0CussPd s was conducted by XPS and
1s shown in Fig. 6a. According to this graph, there must be at least a very thin
oxide layer must be present on the samples surface, evidenced by the Ols and
OKLL peaks [54]. The binding energy peak position of the Ols are: As-cast —
529 £ 1 eV, as-cast after ion etch — 529 + 1 eV, after incubation in water for 48 h
_ 531 £ 1 eV, after incubation in artificial saliva for 48 h — 532 + 1 eV. Sample
surface was ion-etched, and the XPS analysis was repeated (see Fig. 6b), showing
similar results. In both spectra, the principal peaks of titanium (Ti2s, Ti2p),
oxygen (Ols), zirconium (Zr3d), copper (Cu2p), and palladium are revealed. Cu
2p peaks correspond to the CuO, supporting the TEM findings [51].

The carbon is mainly due to surface contamination, and after etching, it almost
disappeared. The as-cast samples were also incubated in water for 48 h at 37 °C,
rpm = 120, and their XPS analysis is shown in Fig. 6¢. In this figure, the main
carbon and oxygen peaks dominate the whole spectra. New sodium peak at
around ~500 kV is due to the adsorbed ions on the surface of the metallic glass.
Ultimately, since TisZri0CussPd;s will be utilized as oral implants, the same
incubation procedure was repeated on them, this time in artificial saliva (Fig. 6d).
The full composition of artificial saliva is presented in supplementary material.
According to this figure, the main peaks are carbon and oxygen, suppressing all
other peaks from the metallic glass compositions. The composition of artificial
saliva is based on organic compounds, and therefore, it is expected to have the

adhered layer showing mainly carbon and oxygen as main peaks.
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Fig. 6. XPS analysis of Tis0Zr10CussPdi4 BMG surface for the (a) as-cast sample (b) ion-etched
as-cast sample (c) after incubation in water for 48 h at 37 °c, rpm = 120, (d) after incubation in
artificial saliva for 48 h at 37 °c, rpm = 120.

3.2. Antibacterial activity evaluation

In this study, the oral pathogen Aggregatibacter actinomycetemcomitans was
selected due to its widespread pathogenic potency in intraoral infection with
particular involvement in the oral biofilm development [55,56]. The aim of this
study was to investigate whether the TisZr0CussPd;s-BMG holds antifouling
properties by reducing the number of adhered bacteria at the 90 min early-stage
or antibacterial properties, thus being able to reduce the number of proliferating
bacteria and the amount of biofilm-like 3D structures at the late 24 h time point
[57]. Both metabolic (alamarBlue, CFU count) and visual approaches
(Live/Dead, FESEM) have been exploited to evaluate the specimens'
performances. Results are summarized in Fig. 7. Prior to the tests, the FESEM

investigation shows that the surface of TisoZr0CuszsPd14-BMG and the Ti—-6Al-

91



4V control were relatively the same, which were polished with the same protocol
(Fig. S1 in the Supplementary data file).

In Fig. 7a, the density of the viable colonies adhered to the specimens' surface are
given after early (90 min) and late (24 h) time points by the fluorescent Live/Dead
assay (viable bacteria stained in green). After 90 min (upper panel), the density
and the distribution of the viable bacteria onto specimens' surface was comparable
between BMG and controls; therefore, an apparent antifouling activity of the
BMG preventing bacteria adhesion was not observed. Therefore, the physical-
chemical properties of the test materials are not suitable for preventing bacterial
adhesion, as well as the lack of ions release (mainly Cu) deprived specimens of a
possible defense mechanism. However, moving to the 24 h results (lower panel),
the density and the distribution of viable bacterial results are highly reduced on
the TisZr;0CusePdi4s-BMG surfaces in comparison to the Ti-6Al-4V controls,
thus suggesting a killing activity exploited in the function of time. Moreover,
some 3D biofilm-like aggregates were observed in the Ti—6Al-4V specimens,
whereas only single random colonies were detectable for the TisoZr;0CussPdis-
BMG ones. The same visual confirmations were achieved by FESEM images
(Fig. 7-b); random single colonies were observed after 90 min for both specimens,
but after 24 h, numerous biofilm-like aggregates were detected on control
surfaces while mainly single ones were still present on the Ti49Zr0CussPd .-BMG
test specimens.

Fluorescent and FESEM images were confirmed by the count of the viable
colonies (CFU, Fig. 7-c) detached from the specimens' surface; after 90 min, 7.5
x 10" and 5 x 10! colonies were counted for Ti-6Al-4V and TiqZr;oCuzsPd4-
BMGQG, respectively. However, after 24 h, the number of living bacterial colonies
on the surface of Ti—6Al-4V showed a significant increase (p < 0.05),
approximately ~8 times more than the ones attached to TisZroCussPdi14-BMG

28.5 x 10% vs. 3 x 10%, respectively) as summarized in Table 1.
y
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90 min

24h

CFU

Table 1: Number of viable colonies (CFU) of A. actinomycetemcomitans attached to the
sample surface after 90 min and 24 h of infection. Results represent means + deviation standard.

Samples Adhered CFU count
After 90 min (x10") After 24 h (x10°)
Ti-6Al-4V 7.5 (£2.5) 28.5 (+0.5)
Ti-BMG 5 (+0.0) 3 (£0.0)*

8 =p<0.05 vs Ti-6Al-4V

As a logical consequence of the reduction of the number of viable colonies
showed by the CFU count, when the metabolic activity of the bacteria colonizing
specimens' surface was measured by the Alamar blue assay (Fig. 7d), a significant
reduction (p < 0.001, representing ~70%) was obtained for the TisoZ1r10CuscPd;4-

BMG specimens in comparison with the control ones.

Ti-BMG Ti-6Al-4V b Ti-BMG Ti-6Al-4V

* %

Fig. 7. Antibacterial test to assess antiadhesive and antibacterial properties of Ti40Zr10CuzsPdis-
BMG (referred to as Ti-BMG for short) and Ti—6Al-4V on aerobic bacterial strain, A.
actinomycetemcomitans: (a) Live/Dead assay on the surface of samples after 90 min and 24 h
incubation time; (b) SEM images after 90 min and 24 h of direct contact. (c) Colony-forming
unit (CFU) after 90 min and 24 h incubation time. (d) % Metabolic activity on samples' surface
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after 90 min and 24 h incubation time. The values are normalized with respect to Ti—6Al1-4V
as a control for each time point (** indicates p-value <0.01).

Such a significant difference in terms of antibacterial activity on the surface of
two inert Ti-based alloys (Ti40Z110CussPd;s-BMG and Ti—6A1-4V) can find the
first explanation according to their oxidation range. As previously seen in Fig. 3,
the incubation of Ti—6Al-4V in water (or, in this case, a water-based medium)
could decrease the water contact angle significantly on Ti—-6Al-4V. Wang et al.
[58] have previously shown that the oxidation of Ti—6Al-4V significantly
increases its wettability. In fact, when the aim is to enhance the proteins and cells'
attachment to the Ti-6A1-4V surface, oxidation of the surface can be exploited
as a complementary strategy [52]. On the other hand, HRTEM analysis conducted
on TiyZroCuscPdi»-BMG reported in Fig. 4 shows the formation of a
nanometers-thick layer of copper oxide representing a hydrophobic-to-
superhydrophobic surface. Therefore, the surface wettability i1s not improved
even after partial surface oxidation. Many research analyses on the interaction of
bacteria with materials surfaces have indicated that bacteria attachment on the
surface increases when the surface is more hydrophilic and this is the reason why
many efforts have been conducted on the development of superhydrophobic
surfaces to prohibit the early bacterial attachment [5].

Another possible explanation of the TisZr0CuszsPdis-BMG killing activity can
be ascribed to the Cu layer formed in the superficial zone as reported in Figs. 4
and 5. In fact, copper represents a well-known ion holding antibacterial
properties: it is of pivotal importance for bacterial metabolisms by regulating the
activity of many enzymes such as tyrosine and dopamine that require copper as
donor/receptor [59]. Therefore, the coordination of copper can be exploited
through a Fenton chemistry route to introduce highly reactive radicals such as
hydroxyl groups (ROS), causing oxidation of proteins and lipids [60]. In this

scenario, as previously discussed by the Authors [61] once bacteria try to adhere
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to the specimens' surface, they expose the [4Fe—4S] clusters of proteins in order
to coordinate iron exchange that is crucial for the metabolic activity. The presence
of copper results in a direct impairment of the [4Fe—4S] clusters leading to the
release of Fenton-active Fe in the cytoplasm, where toxic ROS accumulate, and

this brings bacteria to death.

3.3. Cytocompatibility evaluation

The cytocompatibility of TisZroCussPdis-BMG specimens was investigated
preliminary in vitro on Human gingival fibroblast (HGF) cells. HGF cells were
selected as a representative of the soft tissue responsible for the device sealing in
the peri-implant region; here, the positive cells' repopulation of the device
regulates the pro-inflammatory cascade activation [39] as well as represents a
physical hurdle for bacteria invasion. Accordingly, HGF cells were directly
seeded on the samples' surfaces, and after 24 and 48 h, the viability and the
morphology of adhered and spread cells were determined by Live/Dead and SEM
imaging as reported in Fig. 8a and b, respectively, a representative for 24 h
cultivation. Results from SEM demonstrated that the cells were able to
successfully adhere and spread onto both the control Ti—6Al-4V and test
Ti40Z110CussPd14-BMG surfaces, while the Live/Dead assay confirmed that such
cells were viable and that their confluence was comparable to the control. So, the
test BMG surfaces were confirmed to be cytocompatible towards HGF. Later, the
viability of the cells was further evaluated employing the metallic activity using
the resazurin (Alamar blue) assay; results are reported in Fig. 8c. As a
confirmation of the images from fluorescence and SEM, the metabolism of cells
resulted as comparable between control ad test BMG at both 24/48 h time-points;
a slight increase was observed for the BMG after 48 h, but the values resulted as
not significant in comparison to the control (p > 0.05); this is a promising finding
based on the pivotal role played by fibroblasts in the early sealing step and the

previous results showing a strong antibacterial effect (Fig. 7), meaning that the
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amount of Cu exposed at the materials' interface is sufficient to prevent bacterial
colonization, but it is not toxic for human cells colonizing the device. Indeed, to
confirm that the Cu is not released from the surface into the solution, the ion-
release test was conducted by submerging samples into artificial saliva solutions
for 1,3 and 7 consequent days. Fig. 8d shows that the amount of the released Cu
into the solution is at its peak after 3 days of submersion, but its maximum
concentration is below 12 ppb. It has been previously shown that a minimum
concentration of 250 ppm Cu in the solution is required to induce any effect on
cells or bacteria [62].

In general, these results are in line with previous literature. Kaushik et al. reported
about cytocompatibility of metallic glass thin films (TiCuNi1) applied onto Si
substrate upon exposure to muscle cells, allowing for successful adhesion, spread,
and proliferation [63]. Similarly, Liens et al. showed similar biological
performances between TisZr0CuszsPdis--BMG and Ti—6A1-4V when human
osteoblasts (MG63 osteosarcoma cells) or dermal fibroblast (primary cells from

human derma) were cultivated in direct contact onto those surfaces [64].
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Fig. 8. Cytocompatibility evaluation of TisoZri0CuzsPdi4 -BMG and Ti—6A1-4V. HGF cells
were cultivated directly on samples surface for 24 and 48 h, and the cytocompatibility was
evaluated by: (a) Live/Dead images after 24 h, (b) SEM images of attached cells on the samples'
surfaces, (c) Metabolic activity after 24 and 48 h. Ti—-6Al-4V is used as control sample;
differences between TiqoZri0CuzsPdi4-BMG and Ti—6A1-4V were not significant (p-value
>0.05), and (d) Ion-release measured by ICP-MS from TigoZrioCuzsPdi4s-BMG after
submersion into artificial saliva solution for 1, 3, and 7 days (T = 37 °C, rpm = 120).

3.4. Oral biofilm investigation
After validating Tis0Zr0CuzsPd.-BMG specimens cytocompatibility and
antibacterial activity towards the single strain A. actinomycetemcomitans, the

ability of such innovative materials to prevent infections in the oral environment
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was tested by using a fresh sample of oral biofilm collected from healthy donors.
Oral biofilm is a complex multispecies community composed of microorganisms
from multiple pathogenic and non-pathogenic bacteria as well as fungi. So, it can
be expected that different implant materials perform differently in contact with
oral biofilm, and each promotes selective adherence during early biofilm
formation [65]. Based on these premises, in this work, as a next step, the samples’
behavior was tested on the oral biofilm, including a number of bacterial
communities with complicated interactions between them.

Fig. 9 shows the FESEM pictures taken from 24 h of incubation of samples inside
a harvested oral biofilm. Fig. 9a shows the surface of Tis0Zr10CussPd;4--BMG
where parts of the surface are covered by the oral biofilm. The biofilm, however,
does not appear to be continuous to cover the whole surface. Higher
magnification FESEM pictures show very sparse and slim biofilm growing on the
surface so that single colonies of different bacterial species are properly
distinguishable. Moving to Fig. 9b, the massive biofilm on the Ti—6Al-4V is
clearly reported. A higher resolution picture of the biofilm shows that an
extremely thick and dense layer of biofilm formed and fully covered the implant's
surface; hence, in most parts of the surface, protrusions of bacterial biofilm are
apparent. Unlike Ti40Zr;0CussPdi14-BMG, the distinction between single colonies
is difficult. As the obtained results of antibacterial activity showed on the surface
of TigZr10CuscPd14-BMG, a Cu-rich oxide layer with 15 nm thick was formed,
and as a result, surface properties turned into a hydrophobic-to-superhydrophobic
one; so, a sparse layer of biofilm on the samples' surfaces can be justified. In
contrast, the surface of the Ti—-6Al-4V turned into a hydrophilic due to the

formation of a single layer of Ti oxides.
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Fig. 9. FESEM pictures on (a) oral biofilm on Ti4oZr10Cus3sPd14-BMG after 24 h incubation
and (b) oral biofilm on Ti-6Al-4V.

Further experiments to assess any change or shift of bacterial communities in the
oral biofilm during incubation on the TisZr;oCuscPdis-BMG surface in
comparison to Ti—-6Al-4V were carried out by proteomics. The extraction of
proteins was done in both planktonic and biofilm forms (detailed in section 2.7),
and their concentration was first determined with the quantitative Bradford assay.
Because of the very small size of the samples (3mm diameter), the concentration
of extracted proteins in the biofilm form was much less than the limit
concentration of proteomics (<80 pg). So, the proteomics assay was doable only
for the planktonic form. Fig. 10 shows the prevalence of different oral bacterial
phyla in the planktonic form (referred to as PF, detailed information on the
prevalence of bacterial species in oral biofilm showed in Fig. S2 in the
Supplementary data file). According to this result, the most prevalent bacterial

phylum is Firmicutes, 85% and 87% for Ti—-6Al-4V and Ti49Zr,0CussPd14--BMG,
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respectively. They are Gram-positive bacterial strain mainly found as normal
flora in the human intestine [66]. As reported in research, the oral microbiome
found in healthy people as the human microbiome containing the phyla
Firmicutes, Proteobacteria, Actinobacteria, Bacteroidetes and Fusobacteria [67].
Although the Actinobacteria phylum represents a small percentage of oral and
gut microbiota, they are considered interesting phyla due to their role in some
gastrointestinal and systemic diseases [68].

Despite an evident difference in terms of biofilm accumulation on the surface
obtained by the SEM quantitative analysis, qualitative results from proteomic did
not reveal significant shifts of populations within the oral biofilm community,
with minimum differences between biofilm in contact with Ti—-6Al-4V controls
and Ti49Zr10CuscPd;4-BMG test ones (=1% for Bacteroidetes and Proteobacteria).
Taking into account that oral biofilm sampling was performed from healthy
donors presenting an oral physiological condition (intended as free from any
pathological condition), these results can be interpreted as the ability of the
samples to prevent biofilm colonization without causing impairments on its
physiological composition.

However, to better understand the role of the TisZrioCussPdis--BMG 1n
preventing oral biofilm formation as the future perspective we plan to 1) improve
the specimens' manufacture to obtain a sufficient area to screen the adhered
biofilm by proteomics and ii) extend the analysis to oral biofilm obtained from

pathological patients (such as periodontitis or gingivitis cases).

Ti PF Ti-BMG PF
1% 1%
39 3% 2%

® Actinobacteria

W Bacteroidetes
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Fig. 10. Distribution of bacterial phyla in a planktonic form in oral biofilm done by proteomics
analysis (Detailed information of bacterial species prevalence shown in Fig. S2 in
supplementary data). PF indicates planktonic form.

4. Conclusions

This work decodes the intrinsic nature of TisZr0CussPd;4--BMG targeted for
biomedical oral implants. Casting 3 mm diameter rods of the given composition
can generate a fully amorphous glass, as confirmed by an HRTEM study. The
viscoelastic behavior of TigZroCussPdis-BMG 1is manifested via dynamic
mechanical analysis upon compression. At temperatures below the glass
transition, the considered glasses deform primarily elastic, and the material
responds independently of the testing frequency. A driving frequency of 1 Hz is
conducive to visualizing the supercooled liquid region. Instead of the TiO;
surface oxide in Ti-6A1-4V, the formation of CuO on the Ti-BMG, according to
the TEM and XPS analyses, reduces the bacterial metabolic activity of the oral
pathogen A. actinomycetemcomitans while increasing the cytocompatibility of
the fibroblasts responsible for the device sealing on soft tissues. Finally, the
formation of harmful oral biofilm is reduced, whereas its composition in bacterial

communities was not changed for samples obtained from healthy volunteers.
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In Figure S2 the complete list of the detected species is given, together with their quantification
in terms of prevalence (%) over the total amount. The red line represents the threshold of

In order to investigate the impact of Tis0Zri10CuzsPdi4-BMG on bacterial consortia of oral

Fig. S1. Comparison of surface morphology of the Ti-BMG and Ti-6Al-4V as-cast state
biofilm obtained from healthy donors, proteomics analysis was performed on the protein

S1. Oral biofilm proteomics analysis
populations representing at least >1%.
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Fig. S2. Distribution of bacterial species in planktonic form in oral biofilm done by
proteomics analysis (red line shows the prevalence of 1%). PF indicates planktonic form.
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Abstract

The application of highly biocompatible advanced materials leads to fewer
complications and more successful medical treatments. This study proposes
Tis0Zr10CuscPd 4 bulk metallic glass (BMG) as an oral implant material and
provides insights into its possible processing routes, where high-temperature
compression molding via an optimized process is adopted to both evaluate the
thermoplastic net-shaping kinetics and tune the intrinsic properties of the alloy.
We present processed BMGs and BMG composites of the same composition with
improved thermomechanical stability, from which high strength retention at
temperatures, compared to the cast glass, by above 100 K higher is registered via
dynamic mechanical analysis. ~100 nm thin surface layers comprised of Ti, Cu,
and Zr oxides form at the surface of the alloys, as identified by high-resolution
transmission microscopy. Besides, the drop in the corrosion current density of the
processed glass by two orders of magnitude along with 4 orders of magnitude
lower passivation current density compared to the values of the as-cast state
confirms an extremely high stability in a 0.9 wt.% saline environment which can
be linked to surface hydrophobicity. Cytocompatibility analysis conducted by
seeding human gingival fibroblast cells (HGF) directly onto the thermoplastically
formed Ti40Z1r10CussPd14 BMG reveals no adverse effect on cytocompatibility. On
the other hand, the formation of a nanoscale oxide layer on the thermoplastically

formed samples leads to significantly higher cell attachments on the surface.
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Considering the demand for functional materials that can be used in biomedical

applications, surface topography becomes important, thereby processing and net-

shaping of materials. The disadvantage of most crystalline metals is that they

possess strength values of either above 100 MPa or below 1077 MPa. They pass

the in-between values with their phase transition from a solid to a liquid state [1].

Bulk metallic glasses (BMGs) grant access to an ideal processing region, in which

glassy metals with a strength of less than 10~” MPa and a viscosity of 10° — 108

Pa s can be processed like plastics [2].

The drawback of direct casting is the limitation to simple shapes, such as rods

and plates. Thermoplastic net-shaping (TPN) is a two-step process where the
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casting and forming steps of BMGs are decoupled [3, 4]. Thereby the cast piece
undergoes deformation after it is heated close to the crystallization temperature
(Ty), the region where BMGs show their highest deformability. From an
engineering viewpoint, the surface micro-patterning of BMGs can be achieved
by TPN in the supercooled liquid region (SCLR), by which hierarchically
modulated surfaces of high complexity can be generated [4-7]. However,
marginal glass-forming ability and the high susceptibility of specific types of
BMGs towards oxidation result in limited formability when formed into
microcavities, where the resistance against flow restricts the desired patterns to
bump-shaped microfeatures with controlled height and rounded corners [8].
Moreover, crystallization has to be avoided. Crystallization limits the processing
time for a hot-forming operation since the flow in crystalline materials is orders
of magnitude higher than in the supercooled liquid region (SCLR) [9]. An
appealing characteristic of metallic glasses is that the crystallization kinetics in
the SCLR is sluggish. This allows excellent net-shape processing on a convenient
time scale, i.e., the material can be deformed within a rather large time window
[2].

The assessment of the viscoelastic behavior of glasses under controlled laboratory
conditions is an approach to estimate how the materials could respond in harsh
environments. A suitable technique is dynamic mechanical analysis (DMA),
conveying information about the thermo-mechanically driven structural
relaxation and crystallization behavior in advanced glassy multicomponent
systems.

The life expectancy in industrialized countries has increased in the last decades
and, consequently, the necessity for restorative medicine. One of the strongest
emerging economic fields in this context are dental implants and medical devices.
When it comes to oral implants, there are several parameters at force to be
considered. The direct biocompatibility is evaluated by the cell adhesion and

proliferation on the surface, and indirect cytocompatibility is connected to the
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corrosion and wear resistance of the material. If the implant releases wear debris
over time, it could cause inflammation on the surgery side leading to a retrieval
of the implant. Additionally, with the advancement of functional biomaterials,
there is a search for the development of antifouling implant surfaces. The most
popular oral implants rely on Ti- and Zr-based alloys for their proven
biocompatibility [10, 11]. As mentioned before, metallic glasses have the
advantage of improved oxidation and corrosion resistance compared with their
crystalline counterparts, which in this case, is crucial to prevent inflammation in
the long term [12, 13]. In this regard, toxic-element free TigZ120SisGesB3Sn, and
Tis0Z130S13GesB3Sn, metallic glasses have been reported to have higher pitting
potential and a larger passivation domain coupled with outstanding
cytocompatibility in contact with mesenchymal stem cells [14]. When it comes
to antifouling properties, one of the most essential factors to control are the
surface chemistry and topography. Bacteria with various physicochemical
characteristics adhere differently to a given material, and the surface is the first
place they encounter. In other words, depending on the bacteria's surface
characteristics, which are defined by their genome, adhering bacteria might have
a preference to adhere to hydrophobic or hydrophilic surfaces [15]. Sharifikolouei
et al. [16] have used this approach to develop Zr-based metallic glasses with
promising antifouling properties. One might say that the surface wettability of Ti-
based metallic glasses such as TisZr;0CussPd,4 is similar to that of Ti-6Al-4V as
the gold standard for oral implants. However, in our previous study [17], it was
shown that the initial performance of TisZr0CussPdi4 BMG is similar to Ti-6Al-
4V for oral implants, but after an extended time, the formation of an oxide layer
(Ti0O,) on the surface of Ti-6Al-4V promotes a significantly higher oral biofilm
formation. Additionally, Tis0Zr10CussPdis BMG has higher strength and lower
Young's modulus compared with Ti-6A1-4V, which is beneficial to alleviate the
stress-shielding effect [18-21], and lower ion release below the cytotoxicity

threshold in artificial saliva solution [17].
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In this work, the structural relaxation kinetics and crystallization behavior of
Ti40Zr10CuscPd1s upon net-shaping is evaluated by a sensitive frequency-
dependent DMA technique at elevated temperatures, which gives insights into the
impact of thermoplastic net-shaping under certain conditions. The corrosion
behavior of oxide-containing and oxide-free fully glassy and partially
crystallized, i.e., composite, samples are analyzed through potentiodynamic
polarization and electrochemical impedance spectroscopy. The oxidation of the
alloy is investigated by means of TEM-EDX. Furthermore, the effect of the oxide
layer formation on the cell cytocompatibility of TisZr;0CussPdis BMG is
assessed by cultivating human gingival fibroblast (HGF) cells directly onto the

specimen surfaces.

2. Materials and Methods

2.1 Materials Preparation

2.1.1 Casting

A TispZr10CusePd 4 master alloy was prepared in an Edmund Buehler AMO.5 arc
melting system operated under a Ti-gettered argon atmosphere. The industrial-
grade alloy constituents of 99.9% purity were weighed with an accuracy of +
0.001 g. Rotary and diffusion pumps were utilized to evacuate the system down
to 1077 mbar. During melting, the melting current went up to a maximum of 160
A. To ensure homogeneity of the ingot, the melting was repeated four times. The
alloy was cast afterwards into a copper mold with a rod geometry of 2 mm
diameter and 50 mm length. The pressure gradient necessary for suction between
the designed mold cavity and the working chamber was attained by purging

argon. From the cast rod pieces were cut for subsequent characterization.

2.1.2 Thermoplastic net-shaping
High-temperature compression molding was adopted to evaluate the

thermoplastic net-shaping kinetics of the alloy, where the process parameters
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such as time, temperature, and pressure were optimized. The specimens
(Ti40Z110Cu36Pd14 BMG) were solid cylinder shapes ~ 3.5 mm in height and 2 mm
in diameter. They were heated to temperatures around 713 K then pressed by up
to 10 kN with the loading rates of 102 s! (TPN glass) and 102 s! (TPN
composite). The deformation in the course of heating was carried out under a

vacuum of 107 mbar.

2.2 Materials Characterization

2.2.1 Synchrotron XRD and TEM analyses

Structural analysis was carried out by high-energy X-ray diffraction (XRD) in
transmission geometry with a monochromatic beam of 14.23 pm wavelength.
Two-dimensional diffraction patterns were collected on a Perkin Elmer XRD
1621 two-dimensional X-ray detector placed approx. 1.3 m downstream of the
samples and were azimuthally integrated using the pyFAI software package [22].
The detector geometry was determined using a LaB6 calibration standard and
using the routines provided by pyFAI. Peak indexing was performed using the
PDF-2 database (ICDD, Newton Square, USA) within EVA (Bruker AXS,
Karlsruhe, Germany). Detailed structural analysis was carried out using
transmission electron microscopy (TEM). Electron transparent lamellae of the
surface region was created via focused ion beam (FIB) lift-out in a Zeiss Auriga
workstation equipped with an Omniprobe micromanipulator. To protect the
sample surface during FIB cutting a protective carbon layer and an amorphous W
layer were deposited on top of the surface using the gas injection system (GIS) of
the work station. Coarse trench cuts up to fine polishing of the lamellae were
performed at an acceleration voltage of 30 kV and currents ranging from 2 nA
down to 50 pA. The TEM analyses were conducted in a JEOL 2200FS
microscope at 200 kV, equipped with an Oxford Ultim Max EDX detector. The

cross-sections were analyzed using scanning TEM mode, and the elemental
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compositions, depending on the sample interior and surface, were measured using

EDX mapping.

2.2.2 DMA and TE

Dynamic mechanical analysis (DMA) was conducted in 3-point bending mode
within a temperature range from 300 K to 850 K while purging with N, gas
continuously upon heating, a constant heating rate of 5 K min~! was employed at
frequencies of 0.1 to 1 to 10 Hz. The specimens had solid rectangular shapes of
5 mm in length, 2 mm in width, and 1 mm in thickness. The experiments were
performed by imposing 10 N axial force in a displacement-controlled mode with
a displacement oscillation amplitude of 5 pm. At the test’s domain, the maximum
stress across the samples reached 30 N mm™. Thermal expansion/contraction
(TE) was measured using a Discovery HR-3 device (TA Instruments) under a
constant load of 50 mN. The specimens were heated from 300 K to 850 K at 5 K

min~! heating/cooling rates.

2.2.3 Electrochemical investigations

The electrochemical measurements were conducted in a three-electrode glass cell
at room temperature. A 0.5 mm diameter 23 cm long Pt wire ring and a RE-1BP
type Ag/AgCl reference electrode with a ceramic junction filled with 3 M NaCl
electrolyte (+0.195 V vs. reference hydrogen electrode) were used as counter and
reference electrodes, respectively. The samples were cut, and one side was
mirror-polished in the as-cast state and after TPN. In order to block the signal,
the back side of the samples was painted with nail varnish. The immersed areas
of the samples were 0.093 + 0.006 (as-cast), 0.041 £ 0.008 (TPN glass and oxide
layer) and 0.118 & 0.005 (TPN crystallized and oxide layer), as determined by an
Olympus BX51 Fluorescence Microscope using the Olympus Stream Motion
1.9.3. software — Extended Focal Imaging feature and area calculation function.
The electrochemical measurements were performed with a Gamry Interface
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1010E Potentiostat/Galvanostat/ZRA. Before the experiments, the open circuit
potential was applied for 3600 s to stabilize the working electrode—electrolyte
interface. Electrochemical impedance spectroscopy (EIS) was performed at OCP
at an AC amplitude of 10 mV recorded from 100000 to 0.01 Hz. Afterwards,
linear sweep voltammetry (LSV) was conducted with the same electrodes. The
forward scan ran at 1 mV s! ranged from —0.3 V vs. OCP until +1.5 V vs.
Ag/AgCl or when the current density reached 0.01 A cm™. The reverse scans
were also conducted using the same parameters but excluded from the results
because repassivation was not attained in any of the samples. At least two tests

were performed for each composition and electrolyte for statistical information.

2.2.4 Contact angle measurements

Static water contact angle measurements were conducted on a DSA 100 (Drop
Shape Analysis System) from Kruess GmbH via the sessile drop method on the
etched surface of the as-cast and TPN TiyZr;0Cu36Pd ;s BMGs. De-ionized water
droplets with a volume of 2 pLL were placed on the surface of the samples by an
automated deposition procedure and their contact angle with the solid surface
were recorded and analyzed using the embedded high-resolution camera and the
specialized software of the measuring device. Two different holding substrates
were employed to align the samples properly as the small surface area made the
contact angle measurements challenging to carry out. The contact angles were
measured after 10 s deposition and then in appropriate time intervals until the
60th second. The results are presented in the form of 10 s and the time dependent
value after 60 s, accordingly. For each sample, the average of 5 measurements

was taken.

2.3 In vitro cytocompatibility evaluation

2.3.1 Cell cultivation

119



Human gingival fibroblast cells (HGF) were purchased from Promo Cell (PCS-
201-018) and cultivated in minimal essential medium eagle-alpha modification
(a-MEM, Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS,
Sigma-Aldrich) and 1% antibiotics at 310 K, 5% CO, atmosphere. The cells were
cultivated until 80%—-90% confluence, detached by a trypsin-EDTA solution
(0.25% in phosphate buffer solution — PBS), harvested and used for the

experiments.

2.3.2 Cytocompatibility evaluation

The cells were directly seeded onto the specimens' surface (2 mm diameter) at a
defined density (2000 cells/sample), and after 4 hours of allowing adhesion, 300
pL of culture media was added to each sample. Subsequently, they were
cultivated for 24 and 48 hours; at each time point, the viability of the cells was
evaluated by means of their metabolic activity using the resazurin colorimetric
metabolic assay (alamarBlue™, ready-to-use solution from Life Technologies)
by directly adding the dye solution (0.015% in PBS) onto the wells containing
specimens. After 4 hours of incubation in the dark, the fluorescent signals
(expressed as relative fluorescent units — RFU) were detected at 590 nm by a
spectrophotometer (Spark, Tecan, Switzerland). Moreover, the fluorescent
Live/Dead assay was applied to visually check for viable cells (Live/Dead,
Viability/ Cytotoxicity Kit for mammalian cells, Invitrogen) with a digital EVOS
FLoid microscope (Life Technologies). Finally, the morphology of the cells was
visually investigated by scanning electron microscopy (SEM, JSM-IT500,
JEOL); briefly, specimens were dehydrated by the alcohol scale (70-90% ethanol,
1 hour each and 100% for 2 hours), swelled with hexamethyldisilazane, mounted
onto stubs with carbon tape and metalized with gold for 2 minutes (smart coater,
JEOL). Images were collected at different magnifications (X200 and x500) using

a secondary electron detector.
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2.4 Statistical analysis of data

The experiments were performed in triplicate, and the results were statistically
analyzed using the SPSS software (v.20.0, IBM, USA). First, the data normal
distribution and the homogeneity of the variance were confirmed by Shapiro-
Wilk's and Levene's tests, respectively; then, groups were compared by the one-
way ANOVA using Tukey's test as post-hoc analysis. Significant differences

were established at p-values <0.05.

3. Results and Discussion

3.1 Structural and compositional characterization

Synchrotron XRD patterns of Tis0Zr0CussPdis as-cast, TPN glass, and TPN
composite are shown in Fig. 1. The patterns of Ti4Zr0CussPd 4 as-cast and TPN
glass signify a glassy nature. However, the second sharp diffraction peak of the
TPN glass is deconvoluted into two peaks, indicating structural modifications.
Hence, it can be concluded that the applied thermomechanical driving force
during the TPN process can induce structural heterogeneities [23]. On the pattern
of the TPN composite, crystalline diffraction peaks corresponding to the B2-TiZr,
CuTi,, CuTis, and CusTi, phases are superimposed. Exploring the structure
reveals that spherulites surrounded by semi-crystalline outer shells are formed in
the glassy matrix. These shells act as a synergy between order and disorder in the
structure. Larger needle-shaped CusTi, phases precipitate in the center of the
spherulites. To these phases, finer needles of tetragonal CuTi attach at 90°. Rather
at the center of spherulites, CuTi; of a few percent might form during
solidification upon eutectic reactions as the cooling rate is kept at its threshold
during casting in order to cast the largest possible BMG. B2-TiZr is present
primarily in mature spherulites. It nucleates in the vicinity of the tetragonal CuTi
crystals and grows in all directions to the shell. This grants the spherical shape to

the spherulites [24].
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Fig. 1. Synchrotron XRD measurements of three selected samples (i.e., as-cast, TPN glass,
and TPN composite) in reciprocal space. The diffraction patterns of TPN composite delineate
the evolution of B2-TiZr, CuTi>, CuTis, and CusTi>.

The surface of the TPNed TisZr0CuszsPd;s BMG was further studied by STEM-
EDX to demonstrate the distinction between the surfaces and the interior regions,
as the surface is what cells come in contact to and thus is important for
cytocompatibility. The elemental distributions of the both regions shown in Fig.
2 indicate a clear change in the elemental compositions between the interior of
the alloys and their surface. This change was quantified via EDX line scans. The
analyzed region is indicated by a horizontal dashed line in the electron image in
Fig 2. The transition between the bulk material towards the oxidized surface is
accompanied by Pd enrichment, followed by an enrichment of O, Zr, Ti, and Cu
towards the sample surface and thus a depletion of Pd. The surface layer of ~100
nm possibly consists of Ti, Cu, and Zr oxides. Underneath, a Pd-enriched

interface is observed, towards which the oxidation kinetics is controlled by
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oxygen diffusion in the scale. This interfacial Pd layer acts as a barrier to further
oxygen diffusion. The elemental maps and line scans of the composite alloy
detect more or less the same oxide formation as on the glassy alloy
(Supplementary data). It should be noted that the TEM-EDX line scans lead to an

overestimation of the at.% of Cu because the lamellae were mounted onto a Cu

grid. The trend, however, is still noticeable across the oxidized surface.

50 " 100 150 200
distance (nm)

Fig. 2. Cross-sectional TEM-EDX analyses showing a variation of the elemental
compositions between the interior (left part) and the oxidized surface of the as-cast
TisoZri0CussPd14 glass, including elemental maps of Ti, Zr, Cu, Pd, and O; together with line-
scans across the transition between the interior and surface region (extracted from the white
dashed line in the electron image).

3.2 Thermomechanical properties

The structural relaxation kinetics and crystallization behavior of Tis0Zr;0CussPd 4
as the key events upon shaping were evaluated by a sensitive frequency-
dependent DMA technique in 3-point bending (TPB) mode at room and elevated
temperatures, which allows to gain more insight into the impact of thermoplastic
net-shaping under the given conditions [25]. In comparison to tension- and
torsion-type measurements, TPB is more sensitive to structural changes around

the glass transition temperature 7, and thus advantageous to visualize the effects
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[26]. As a hypothesis, the oscillation of the individual mobile species via TPB
transforms into a more cooperative oscillation of a large group of mobile species
by a percolation process with the same phase [27]. This can incorporate an
ordering of atoms, leading to elastic stiffening of the BMGs. Unlike the TPB
mode, tension- and torsion-induced free volume in the structure during DMA is
hardly conducive to relaxation of the system. In this case, each atom practically
oscillates around its own position with its own phase. That would lead to a
structural rearrangement in the medium- and short-range order because the
distance between the atoms is larger than the range of the damped oscillation.
And thus, a cooperative oscillatory relaxation with the same phase is hence barely
possible in the system. Fig. 3a illustrates the storage modulus (G'), the loss
modulus (G"), and the loss factor (fan o) of the glassy TisZr;oCuszsPdis. At
temperatures below the glass transition, the considered BMG deforms primarily
elastic, and the mechanical response is independent of the testing frequency,
whereas higher temperatures and lower frequencies around the supercooled liquid
region (SCLR) derive atomic mobility. This is manifested by the glass transition
events taking place at higher temperatures when the frequency increases from 0.1
to 1 to 10 Hz. In contrast, the frequency does not seem to have that much effect
on the onset temperature of crystallization (7%) as it varies from 0.1 to 10 Hz. The
glass transition temperature (7,) of the traces i1s marked by a sudden change in
the slope of G', which yields values of 649, 662, and 668 K + 1 for the given
frequencies. G’ of 0.1 Hz drops drastically beyond 7 to its absolute minimum
value of 47 + 1 GPa at the onset of crystallization (7x; = 692 = 1 K). In G, the
onsets of the increase after the first and second sharp drops correspond to 7; and
T, respectively, at 692 and 775 K £+ 1. In G" and tan J, the two maxima are
associated with a two-stage glass crystallization. Stiffening owing to f-relaxation
is observed at 1 and 10 Hz prior to the glass transition. The hump in the evolution
of G" depicted in the inset of Fig. 3a indicates relaxation in the y region. A driving

frequency of 0.1 Hz, compared to 1 and 10 Hz, is conducive to a clear
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visualization of the crystallization events. After full crystallization, the G’ of 1

and 10 Hz exceed their values of the initial states. The variations in the frequency-

dependent 7, values are quantified in an Arrhenius plot, revealing an activation

energy of £,=8.6+ 1.9 eV (830 £ 183 kJ/mol) attributed to a-relaxation [27-29]

(Fig. 3b). This high value is indicative of collective motion of a large number of

atoms in this BMG [30-32]. These observations corroborate an accessible SCLR

in which the material can be shaped to oral implants [33, 34].
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Fig. 3. (a) Storage modulus (G'), loss modulus (G"), and loss factor (tan J) of the cast
TisZr10CussPd14 glass as a function of temperature. The measurement frequencies were 0.1
to 1 to 10 Hz, and the heating rate was 10 K/min. The T, measurements at different
frequencies result in a linear Arrhenius behavior with a slope of 8.6 £ 1.9 eV obtained from
the slope of the linear fit (b).
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Fig. 4 displays the evolution of G', G", and tan ¢ of the deformed Ti4Zr;0CuzsPd14
specimens in the glassy and composite states. In G” of 0.1 Hz, the peak maxima
can be addressed to 7y; and 7., for which values of 723 + 1 and 777 + 1 K for the
TPN glass are registered. 7,; of the TPN composite yields an ascending value of
727 £ 1 K, and T,, of the TPN composite has the same value as 7y;. The
frequencies of 1 and 10 Hz show an evident alleviation of the crystallization
events (G" and fan ¢ of Figs. 4a and b). Fig. 4c illustrates the G', G", and tan o
measurements of the as-cast, TPN glass, and TPN composite samples at 0.1 Hz.
G' of the as-cast material displays a plateau up to 7, (649 + 1 K); then the intact
elastic structure breaks up, by which G’ drops to its minimum of 47 + 1 GPa at
Ty (692 £ 1K) and rises to 71 = 1 GPa at 716 = 1 K, followed by a second drop
to 58 £ 1 GPa at T, (775 = 1 K). G' increases afterwards to 82 + 1 GPa at 789 +
1 K and decreases to 77 = 1 GPa at 798 = 1 K. The characteristic events in the
evolution of G" and fan ¢ of the TPN glass and the TPN composite are mitigated
compared to those of the as-cast alloy. The onset of the sudden increase in the
slope of G" and fan ¢ in the course of heating can be linked to 7, which is shifted
towards higher temperatures in the TPN glass and the TPN composite. This
confirms a higher thermomechanical stability of the processed glasses at elevated
temperatures. Fig. 4d illustrates the corresponding dilatometer traces. The
dilatation curve of the as-cast material is basically linear at lower temperatures
until the onset of structural relaxation at 493 = 1 K, where thermal expansion
starts to counteract with contraction, which saturates around 550 = 1 K [17]. The
ordinate signal remains more or less constant during the transition into the
supercooled liquid state and thereafter until the first crystallization is reached,
which is indicated by a step-like drop in the signal within 706 — 724 + 1 K.
Afterwards, the glass continues to expand obeying nearly the same thermal
expansion coefficient as below 493 K [17]. A further penetration step occurs at
792 + 1 K as the glass crystallizes in the second stage until 812 + 1 K. The two-

stage crystallization pathway traversed in the as-cast glass is smoothened after
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TPN, which is also confirmed by DMA by the disappearance of the 7%, peak.
Hence, G’ of the TPN samples is stabilized up to 723 £ 1 K, whereas G" of the
as-cast drops at 623 £ 1 K.
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Fig. 4. Evolution of the storage modulus (G'), the loss modulus (G"), and the loss factor (tan
0) with temperature during continuous heating (10 K/min) from 300 K to 850 K at a fixed
frequency of 1 Hz of (a) TPN glass, (b) TPN composite, and (c) the comparison. The
corresponding dilatometer traces are depicted in (d).

3.3 Corrosion activity

The linear sweep polarization graphs in Fig. 5a indicate clear differences between
different states of the material, as well as the oxide formation upon TPN. The as-
cast state of the Ti40Zr10CuscPdis BMG has a corrosion potential, Ecopr, of —62 £ 4
mV with a corresponding corrosion current density, Jeor, 0f 15.1 £0.7 pA cm ™.
For long-waiting times, the sample crystallizes under TPN conditions, which
leads to a shift of £, towards more negative potentials (i.e., 411 £2 mV), where
Jeorr also increases (24.4 £ 1.0 pA cm™).

After TPN, provided that the amorphous state is retained, Eco gets closer to zero
(-12 £ 2 mV mV) with a huge drop in Jeorr = 0.03 = 0.002 pA cm 2. The shift of
the corrosion potential towards more positive values favors the formation of a
protective surface, leading to a slow-down in corrosion rate [35]. The drop in the
corrosion current density by two orders of magnitude confirms a very high
stability of this state in 0.9 wt.% saline environment. Similarly, the passivation
current density, Jyass, of the TPN glass samples is only 0.14 +0.007 pA cm™, i.e.,
much lower than that of the as-cast state (~1250 £ 60 pA cm2). Compared to the
TPN glass, the TPN samples with an oxide layer formed upon TPN show much
more negative Eor values (-563 £+ 2 and —430 £ 5 mV for the amorphous and
composite specimens, respectively), with similar J.,r values (43 £ 3 and 46 £ 3
A cm2, respectively) which is 2 orders of magnitude larger. This finding also
indicates that corrosion happens much faster in oxide-layer-containing samples.
The frequency-dependent Bode magnitude plots of the samples in Fig. 5b show
an agreement with the results obtained from LSV. The TPN glass displays the
largest |Z| (~6437 + 193 kQ c¢m?) which can be accounted for the lowest Joor.
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This value is only ~2 + 0.06 kQ cm? for the as-cast state, i.e., about 3200 times
lower. The composite structure in the other three sample types leads to a small
Bode magnitude with a clear hump observed at low to medium-range frequencies.
Due to the enhanced corrosion properties of the as-cast glass with respect to the
TPN composite counterparts, the following contact angle and cytocompatibility

analysis was performed using the TPN glass and its oxide layer.
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Fig. 5. (a) Potentiodynamic polarization graphs of different state samples with and without
oxide layers. Note that the standard deviation of Ecorr is within £1 mV, whereas for Jeorr, the
deviation is within 0.025% of the measured data. The reference potential has a redox
potential of +0.195 V vs. a reference hydrogen electrode. (b) Bode magnitude plots of the
corresponding sample at their open circuit potential.

3.4 Contact angle measurements

The results from the static water contact angle measurements conducted on the
etched surface of the as-cast and TPN Tis0Zr10CussPd14s BMGs are shown in Table
1. The TPN TisZr10CussPdis BMG is investigated both on the oxidized and
polished sides. The water contact angle values of the specimens are close to each
other; however, a slight decrease of the oxidized surface can be observed. The
close values observed for the surfaces can be linked to the similar hydrophobic
character of the surface oxides, c.f. Cu oxide for the as-cast vs. mixture of Ti, Cu
and Zr oxides for the TPN oxide. After polishing (TPN glass), the surface
hydrophobicity increases, which could be due to the Ti-rich, Zr- and Pd-
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containing oxide layer with Ti:Zr:Pd ratio of 6.2:1.8:1 in at.% attained from X-
ray photoelectron spectroscopy analysis (unpublished data). The increase in
surface hydrophobicity can be also correlated with the decrease in corrosion rates

and increase in surface resistivity as confirmed in section 2.3.

Table 1. Water contact angle data of the as-cast and TPN Ti4Zr10CuszsPdi4 BMG.

Mean / ° SD/°
as-cast 96.8 2.1
TPN glass 100.2 1.8
TPN glass oxide 94.9 2.4

3.4 Cytocompatibility Study

The effect of the formed oxide layer on surfaces of TisoZr10CussPdis TPN glass
specimens on HGF cells was evaluated by comparing their cytocompatibility
properties with TPN glass without oxide layer and as-cast Tis9Zr;0CuszsPdi4s BMG
(control sample). This evaluation was preliminarily performed in vitro on HGF
cells selected as a representative of the soft tissue in contact with implants that
replaced the dental cavity as it represents a physical hurdle for bacteria invasion
[36]. Accordingly, HGF cells were directly seeded on the samples' surfaces, and
after 24 and 48 hours, the viability and the morphology of adhered and spread
cells were determined by fluorescent Live/Dead assay and SEM imaging,
respectively (Fig. 6b). The metabolic activity of the cells was evaluated using the
colorimetric resazurin assay (Alamar blue); the results are reported in Fig. 6a,
indicating that the metabolism of cells was comparable between TPN with an
oxide layer and TPN without an oxide layer and as-cast samples at both 24/48
hours’ time-points. A statistically significant difference was observed for the TPN
samples with an oxide layer after 48 hours in comparison to the TPN specimens
without an oxide layer and the control samples (p < 0.05 indicated by *, Fig. 6a).
As a confirmation of the cells' metabolic activity results, the images obtained
from the Live/Dead assay and SEM demonstrate that the cells were able to

successfully adhere and spread onto the Tis0Zr;0CuszsPd 4-TPN with oxide layer
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surfaces; however, on the surfaces of TPN specimens without oxide layer and as-
cast samples some cells are in round shapes and the confluence of these roundish
cells onto the TPN samples without oxide layer is more pronounced than for the
ones on the control specimens. The surface wettability of the as-cast
Ti40Z110CussPd14 BMG has been investigated previously by Rezvan et al. [17] as
a favorable surface for its antifouling properties. One would expect that the same
surface with hydrophobic characteristics is not favorable for direct attachment of
cells on the surface. Of course, this does not mean that the surface is cytotoxic,
since the green color of those cells in the fluorescent Live/Dead assay
demonstrates that the cells were alive. The same behavior with no significant
differences is observed for the TPNed non-oxide layer. This means that the
thermoplastic net-shaping, an important process in shaping metallic glasses into
their final form to be utilized as implants, does not adversely affect the
cytocompatibility (Fig. 6b). EDX-TEM investigations of the oxide layer of the
TPNed samples, on the other hand, show an enrichment of Ti, Zr, Cu and the
presence of oxygen towards the surface, meaning that a mix of Ti, Cu, and Zr
oxides is present. Indeed, the presence of titanium oxide could significantly
enhance the surface wettability, thereby favoring cells attachment, as previously
demonstrated by Wang et al. [37]. This could justify the better performance of

the oxide layer in easing cell attachment.
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Fig. 6. Cytocompatibility evaluation of Ti«Zr10CussPd14 TPN glass specimens with and
without oxide layer towards HGF that were seeded directly onto their surfaces.
TisoZr10CussPdi4 BMG (as-cast) was considered as control sample. The cytocompatibility
activity after 24 and 48 hours was evaluated by: a) metabolic activity after 24 and 48 hours,
b) upper panel: Fluorescent Live/Dead images of the surface attached cells after 48 hours;
scale bars are 100 um; bottom panel: SEM images of the surface attached cells after 48
hours at two different magnifications x200 (scale bar 100 um) and *x500 (scale bar 50 um).
*indicates p value< 0.05.

4. Conclusions
The prospects of TigZr10CussPdis BMG as oral implant material are advanced in
the aspects of processing, structure-dependent mechanical performance,
corrosion, hydrophobicity, and bioactivity. In this study we have investigated the
effect of thermoplastic net-shaping, the process required to reach the final desired
shape of the implants, on the BMG’s microstructure, corrosion behavior and

cytocompatibility. It is confirmed by dynamic mechanical analysis that optimized
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thermoplastic processing leads to BMGs and BMG composites showing a more
stabilized G’ up to ~700 K, revealing an increase in the thermomechanical
stability by above 100 K in comparison to the as-cast glass. In 0.9 wt.% NaCl
solution, corrosion is strongly inhibited in the TPNed glass determined from ~4
orders of magnitude lower J..r values as well as two orders of magnitude larger
|Z| at low-frequencies compared to the as-cast material. A cytocompatibility
analysis was conducted by seeding human gingival fibroblast cells (HGF) directly
onto the oxide-layer-containing and oxide layer-free Tis0Zr10CuszsPd;4 BMG after
thermoplastic net-shaping, using the as-cast TisZr;oCuscPdis BMG as control.
The results demonstrate that thermoplastic net-shaping does not adversely affect
the cytocompatibility. On the other hand, the formation of ~100 nm thin surface
layers consisting of Ti, Cu, and Zr oxides improves cells attachment. The
attributing factor for this improvement is related to the presence of titanium oxide

on the surface that significantly improves the surface wettability.
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