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Abstract 

Bulk metallic glasses (BMGs) are a novel class of metallic alloys possessing amorphous 

structures that set them apart from traditional crystalline alloys. The amorphous structure of 

BMGs lacks crystalline defects, such as grain boundaries, twins, and dislocations, resulting in 

their desirable properties, including high elasticity, hardness, toughness, good wear resistance, 

and good corrosion resistance. However, the requirement of BMGs in rapid cooling restricts 

the fabrication of complex shapes through casting, limiting their practical applications. Luckily, 

BMGs can be shaped and patterned through thermoplastic forming (TPF) by viscous flow 

deformation when heated to the supercool liquid region (SCLR). Therefore, the present thesis 

aims to enhance the practicality and functionality of BMGs through TPF approaches. 

The first focus targets ‘‘designability’’. It was believed that ‘‘BMGs can not be 

deformed and patterned once the materials are crystallized.’’ The concerns about the 

crystallization during TPF are the loss of deformability and mechanical properties of BMGs. 

This work uses Ti40Zr10Cu34Pd14Sn2 BMG to demonstrate that ‘‘if the initial crystallization 

event is the formation of nanocrystals, the BMGs can still be shaped and patterned via TPF, 

even with the nanocrystallization.’’ A TPF strategy of allowing nanocrystallization during the 

process is implemented to create surface patterns from macro- to nano-scales and hierarchical 

structures integrating micro- and nano-patterns on the same surface. Moreover, the study 

suggests that Ti40Zr10Cu34Pd14Sn2 BMG possesses crystallization tolerance to TPF, and slight 

crystallization is allowed before losing its mechanical properties. 

The second focus demonstrates the ‘‘versatility’’ for biomedical applications. In-vitro 

assays using Saos-2 cell lines were tested on four different surface topographies of 

Ti40Zr10Cu34Pd14Sn2 BMG, including: (a) Flat (mirror-polished), (b) Micro-pattern (2.5 μm 

square protuberances), (c) Nano-pattern (400 nm protrusions), (d) Hierarchical-pattern (400 nm 

protrusions on 2.5 μm square protuberances). Based on the findings of in-vitro studies, two 

potential biomedical applications of TPF patterned Ti40Zr10Cu34Pd14Sn2 BMG are then 

suggested: (i) Dental or orthopedic tissue implants and (ii) a toolbox for studying cell response 

on rigid and ordered surfaces. 

The final focus combines the ‘‘designability’’ and ‘‘versatility’’ for catalytic 

applications. The hydrogen evolution reaction (HER) performance of Pt57.5Cu14.7Ni5.3P22.5 

BMG with flat, micro-patterned, and nano-patterned surfaces is explored. The nano-patterned 

Pt-BMG exhibits long-term stability and self-improving behavior after 1000 linear sweep 

voltammetry (LSV) cycles. Surface characterizations indicate that a layer of CuxO foam was 

formed on top of the nano-patterned surface after 1000 LSV cycles. The formation of CuxO 

foam is explained by a three-step process involving Cu dissolution of Pt-BMG and dynamic 

hydrogen bubble templating (DHBT) electrodeposition without using copper salt. 
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The present thesis reveals the prospect of utilizing the TPF process for a wide range of 

mediocre glass forming systems and semi-crystalline composites into surface-enhanced 

functional materials without sacrificing mechanical properties. Beyond implant applications, 

biocompatible BMGs provide a toolbox for studying cell response on rigid and ordered surfaces 

in biomedical research. TPF-patterned BMGs combining dynamic bubble templating 

electrodeposition could be a feasible strategy to synthesize metal or metal-oxide foams for 

catalytic applications. 
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Kurzfassung 

Massive Metallische Gläser (Bulk Metallic Glass, ’BMG’) sind eine neue Klasse 

metallischer Legierungen, die sich durch ihre amorphe Struktur von herkömmlichen kristallinen 

Legierungen unterscheiden. Die amorphe Struktur von BMGs weist keine kristallinen Defekte 

wie Korngrenzen, Zwillinge und Versetzungen auf, was zu ihren wünschenswerten 

Eigenschaften führt, darunter hohe Elastizität, Härte, Zähigkeit, gute Verschleißfestigkeit und 

gute Korrosionsbeständigkeit. Da BMG jedoch schnell abgekühlt werden muss, ist die 

Herstellung komplexer Formen durch Gießen nur begrenzt möglich, was ihre praktischen 

Anwendungen einschränkt. Glücklicherweise können BMGs durch thermoplastische 

Umformung (TPF) durch viskose Fließverformung geformt und modelliert werden, wenn sie 

auf den Bereich der unterkühlten Flüssigkeit (SCLR) erhitzt werden. Daher zielt die 

vorliegende Arbeit darauf ab, die praktische Anwendbarkeit und Funktionalität von BMGs 

durch TPF-Ansätze zu verbessern. 

Der erste Schwerpunkt liegt auf der „Designfähigkeit“. Es wurde angenommen, dass 

‘‘BMGs nicht verformt und strukturiert werden können, sobald die Materialien kristallisiert 

sind.’’ Die Bedenken bezüglich der Kristallisation während der TPF sind der Verlust der 

Verformbarkeit und der mechanischen Eigenschaften von BMGs. In dieser Arbeit wird 

Ti40Zr10Cu34Pd14Sn2 BMG verwendet, um zu zeigen, dass ‘‘wenn das anfängliche 

Kristallisationsereignis die Bildung von Nanokristallen ist, die BMGs immer noch mittels TPF 

geformt und strukturiert werden können, sogar mit der Nanokristallisation.’’ Eine TPF-

Strategie, die eine Nanokristallisation während des Prozesses ermöglicht, wird eingesetzt, um 

Oberflächenmuster von der Makro- bis zur Nanoskala und hierarchische Strukturen zu 

erzeugen, die Mikro- und Nanomuster auf derselben Oberfläche integrieren. Darüber hinaus 

legt die Studie nahe, dass Ti40Zr10Cu34Pd14Sn2 BMG eine Kristallisationstoleranz gegenüber 

TPF besitzen und eine leichte Kristallisation möglich ist, bevor sie ihre mechanischen 

Eigenschaften verlieren. 

Der zweite Schwerpunkt demonstriert die „Vielseitigkeit“ für biomedizinische 

Anwendungen. In-vitro-Assays mit Saos-2-Zelllinien wurden an vier verschiedenen 

Oberflächentopografien von Ti40Zr10Cu34Pd14Sn2 BMG getestet, darunter: (a) flach 

(spiegelpoliert), (b) Mikromuster (2,5 μm große quadratische Erhebungen), (c) Nanomuster 

(400 nm große Erhebungen), (d) hierarchisches Muster (400 nm große Erhebungen auf 2,5 μm 

großen quadratischen Erhebungen). Auf der Grundlage der Ergebnisse von In-vitro-Studien 

werden zwei potenzielle biomedizinische Anwendungen von TPF-gemustertem 

Ti40Zr10Cu34Pd14Sn2 BMG vorgeschlagen: (i) Implantate für zahnmedizinisches oder 

orthopädisches Gewebe und (ii) ein Instrumentarium zur Untersuchung der Zellreaktion auf 

starren und geordneten Oberflächen. 



VII 

Der letzte Schwerpunkt ist die Kombination von „Designfähigkeit“ und „Vielseitigkeit“ 

für katalytische Anwendungen. Die Leistung der Wasserstoffentwicklungsreaktion (HER) von 

Pt57.5Cu14.7Ni5.3P22.5 BMG mit flachen, mikrostrukturierten und nanostrukturierten Oberflächen 

wird erforscht. Das nano-strukturierte Pt-BMG zeigt Langzeitstabilität und selbstverbesserndes 

Verhalten nach 1000 LSV-Zyklen (Linear Sweep Voltammetry). 

Oberflächencharakterisierungen zeigen, dass sich nach 1000 LSV-Zyklen eine Schicht aus 

CuxO-Schaum auf der nanostrukturierten Oberfläche gebildet hat. Die Bildung des CuxO-

Schaums wird durch einen dreistufigen Prozess erklärt, der die Cu-Auflösung von Pt-BMG und 

die dynamische Wasserstoffblasen-Templating (DHBT)-Elektroabscheidung ohne 

Verwendung von Kupfersalz umfasst. 

Die vorliegende Arbeit zeigt die Möglichkeit auf, das TPF-Verfahren für eine breite 

Palette mittelmäßiger glasbildender Systeme und teilkristalliner Verbundwerkstoffe in 

oberflächenverbesserte Funktionswerkstoffe zu verwandeln, ohne dass die mechanischen 

Eigenschaften darunter leiden. Über Implantatanwendungen hinaus bieten biokompatible 

BMGs einen Werkzeugkasten für die Untersuchung von Zellreaktionen auf starren und 

geordneten Oberflächen in der biomedizinischen Forschung. TPF-gemusterte BMGs mit einer 

Kombination aus dynamischer Blasenschablonierung und Elektroabscheidung könnten eine 

praktikable Strategie zur Synthese von Metall- oder Metalloxidschäumen für katalytische 

Anwendungen sein. 
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1 Introduction and Aims 

Bulk metallic glasses (BMGs) are a novel class of metallic alloys possessing liquid-like 

amorphous structures as opposed to traditional crystalline alloys.[1–3] The amorphous structure 

is achieved by rapidly cooling the metallic melt to avoid crystallization.[2–4] The first metallic 

glass (MG), Au75Si25 alloy, dates back to 1960 by Klement et al.[5] Due to the requirement of 

ultrafast cooling rates (104–106 K/s), metallic glasses could only be achieved in the form of thin 

ribbons (<100 µm) or small particles back then.[5–7] It was not until the 1980s that the bulk 

form of metallic glasses (with minimum dimension exceeding 1 mm), so-called bulk metallic 

glasses (BMGs), could be realized with noble metal-based ternary alloy systems thanks to their 

lower critical cooling rates (< 100 K/s).[4,6,8] Around the 1990s, Akihisa Inoue and co-workers 

at Tohoku University discovered multicomponent alloy systems based on Fe, Co, Ni, Ti, Zr, 

Mg, and Cu, booming the research in the BMG world.[9,10] 

In terms of applications, the amorphous structure of BMGs benefits from lacking 

crystalline defects, such as grain boundaries, twins, and dislocations, resulting in superior 

properties such as near-theoretical strength, high elasticity, high hardness, high toughness, good 

wear resistance, and corrosion resistance making them promising structural 

materials.[2,3,6,8,11] In NASA's space exploration program, applications of BMGs include 

solar wind collectors, spacecraft shielding, and anti-backlash gears.[12–15] More applications 

of BMGs beyond structural materials continue to be discovered.[4,16–18] The requirement of 

BMGs in rapid cooling restricts the fabrication of complex shapes through casting.[19,20] 

Luckily, BMGs can be shaped and patterned through thermoplastic forming (TPF), thanks to 

their amorphous nature.[1,19,21] Therefore, the present thesis aims to enhance the practicality 

and functionality of BMGs through TPF approaches, including (1) shaping BMGs even with 

nanocrystalization, (2) using TPF-patterned Ti-BMGs to study cell behavior on rigid and 

ordered surfaces, (3) synergizing TPF-patterned BMGs and dynamic bubble templating to 

fabricate metal or metal-oxide foams. 

The present thesis consists of six parts: Following the introduction in Chapter 1,  

Chapter 2 provides the principle knowledge from materials and process techniques to intended 

applications. Chapter 3 points out the challenges in processing BMGs via TPF, fabricating 

rigid and ordered surface topography for biomedical research, and an unexplored application 

of TPF patterned Pt-BMGs. Chapter 4 dives into the major materials and methods applied in 

the present thesis, including know-how in engineering aspects. Chapter 5 summarizes the key 

findings of published works. Moreover, unpublished results are presented in this chapter. 

Chapter 6 wraps up the designability and versatility of TPF-processed BMGs and discusses 

prospects for future research. Lastly, the Publications and Appendix section lists the two 

published plus one submitted manuscripts in international peer-reviewed journals and appends 

developed protocols and installation manuals for devices.  
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2 State of the Art 

In order to provide comprehensive background knowledge to this thesis, this chapter 

will start with the fundamental knowledge of the materials ‒ bulk metallic glasses (BMGs) and 

the process ‒ thermoplastic forming (TPF). Afterward, the intended applications, such as hard 

tissue implants and electrocatalysts in hydrogen production, will be briefly introduced.  

2.1 Bulk Metallic Glasses  

2.1.1 Structural Characteristics of Amorphous Metals 

Most metallic alloys in the environment are crystalline metals whose atoms are most 

tightly packed in a three-dimensional periodic pattern.[2,22] The three-dimensional periodic 

pattern comprises the simplest repeating units called unit cells. Hence, crystalline metals 

possess long-range order and regular atomic arrangement.[2,11,22] In comparison, amorphous 

metals, also known as metallic glasses, feature amorphous structures fabricated by rapid 

cooling.[2,3,22,22] It can be imagined that when alloys are heated to their liquid phase, the 

system has more space, and atoms can move randomly. Once the rapid cooling takes place, 

atoms do not have sufficient time to move and diffuse to form their most stable and closed-

packed structures ‒ crystals. Instead, the molten alloys are frozen fast enough that atoms are 

densely packed that they can no longer easily rearrange themselves and maintain their liquid-

like disorder arrangements, i.e., frozen supercooled metallic liquids.[2,3,22] Therefore, 

amorphous metals have glass-like structures with short-range order and random atomic 

packing.[2,3,11,22] A comparison between amorphous and crystalline metals is shown in 

Figure 1. 

 

Figure 1: (a) Schematic illustration of amorphous and crystalline structures. Adapted from [23]. (b)

Typical X-ray patterns of crystalline and amorphous materials. Adapted from [24]. (c) Radial 

distribution function (RDF) of the monocrystalline, liquid, and amorphous germanium from molecular 

dynamics simulation.[25] (d) Comparison of volume in amorphous and crystalline structures induced 

from different cooling paths.[26] 
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In practice, disorder in amorphous metals can be determined by (1) structural 

characterizations and (2) thermodynamic measurements. Structural characterizations such as 

X-ray diffraction (XRD) and transmission electron microscopy (TEM) access the 

microstructure directly via diffraction or imaging. Diffraction experiments measure the 

intensity of the scattered radiation of the material based on Bragg’s law, as demonstrated in 

Figure 1(b).[2,23,27] Broad and diffuse peaks in the XRD patterns are typically used to indicate 

the existence of an amorphous phase.[2,28] The Fourier transformation of diffraction data is 

the radial distribution function of the structure, which describes important features of the atomic 

arrangements (Figure 1(c)).[2] It should be noted that even though XRD is a common and less 

expensive method, it has some limitations.[2,28] Crystalline phase fractions of ≤ 5 vol.% and 

nanocrystals with small grain sizes of ≤ 10 nm are often not detectable by XRD.[2,28] 

Furthermore, disorder in amorphous metals can be examined thermodynamically 

through glass formation, such as differential scanning calorimetry (DSC) and differential 

thermal analysis (DTA).[2] As illustrated in Figure 1(d), the change of volume or enthalpy as a 

function of temperature during cooling can be used to describe the glass formation. When 

cooling slowly below melting/freezing temperature (Tm/Tf), the molten alloys will crystallize, 

leading to a discontinuous change in the extensive properties, like volume or enthalpy.[2,29,30] 

On the contrary, if cooling rapidly below Tm/Tf, the molten alloys transit into the vitreous state 

with a continuous transformation happening in the volume or enthalpy. This is a process also 

known as glass formation. The glass transition temperature (Tg) divides the undercooled liquid 

and the frozen solid (glass), traditionally designated when the viscosity of the undercooled 

liquid reaches a value of 1012 Pa s.[2,11,30] It is worth noting that the glass formation region 

and Tg are controlled by dynamic behavior and are thus highly dependent on the cooling rate. 

 

2.1.2 From Metallic Glasses to Bulk Metallic Glasses 

MGs were fabricated in the form of thin ribbons and small particles due to the 

requirement of an ultrafast cooling rate, which limits its application. Hence, BMGs allowing a 

slower cooling rate and having a section thickness of at least a few millimeters were developed. 

In order to formulate the alloy systems with the enhanced glass-forming ability (GFA) to 

synthesize BMGs, Inoue introduced three basic empirical rules as follows: [2,7,9] 

1. The alloy must contain multiple components of at least three chemical elements. As the 

number of components in the alloy system increases, the glass formation becomes more 

accessible.   

2. Among the component elements of the alloy, there should be a notable difference in 

atomic size. It is suggested that the atomic size differences between the primary 

constituent elements should be larger than 12%.  
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3. There should be negative mixing enthalpy for the primary constituent elements in the 

alloy system. 

The first rule considers the thermodynamic and kinetic aspects of glass formation, and 

the second rule takes into account the topological aspects, such as the structure and packing of 

atoms. The last rule eases the mixing of atoms and the forming of a homogeneous glassy 

phase.[2] 

From the outcome point of view, BMGs should have the following important 

properties:[2] 

 As illustrated in Figure 2, BMGs can be produced at slow solidification rates, 

typically 103 K s−1 or less, allowing them to be produced from casting, water-

quenching, and even 3D printing. 

 BMGs can be fabricated into forms with large thicknesses or diameters, a minimum 

of about 1 mm, which improves their practicality.  

 BMGs have a large supercooled liquid region (SCLR), which is the difference 

between the glass transition temperature (Tg) and the crystallization temperature 

(Tx). The large SCLR (ΔTx = Tx – Tg) usually ranges from a few tens of degrees to 

more than one hundred degrees, promoting the processability of BMGs.  

 

Figure 2: Schematic TTT diagram of MGs and BMGs with corresponding cooling paths illustrating the

improvement of BMGs over MGs in terms of cooling rate.[31]  
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2.1.3 Properties and Applications of Bulk Metallic Glasses 

BMGs possess superior properties over their crystalline counterparts, such as low elastic 

modulus, high strength and high fracture toughness, high elasticity, high hardness, outstanding 

wear resistance and corrosion resistance, and excellent soft magnetic properties, thanks to the 

absence of long-range order, dislocation, grain boundary, and other traditional lattice defects in 

their amorphous structures (Figure 3(a)).[2,4,8,18] For example, the elastic limit in BMGs is 

typically 2%, which is four times more than that of titanium, aluminum, and conventional steel 

alloys.[2,4] Because BMGs lack a crystal structure, there is no dislocation mechanism for 

plastic deformation; combined with their high elastic limit, tensile strength, and fracture 

toughness, BMGs are particularly suitable for applications requiring large storage of elastic 

energy, such as high-performance springs, tennis racket frames and golf clubs and casings of 

electronics (Figure 3(b)).[2,4,8] BMGs also find their place in space exploration with the 

previously mentioned high strength and wear resistance, as well as the fact that they do not get 

brittle in extremely cold conditions, allowing them to turn under strong torque even under -

200 °C without lubricant, which will preserve precious battery power in space (Figure 3(c)).[32] 

 

BMGs based on biocompatible elements, such as Ti, Zr, and Pt, have attracted 

substantial interest in biomedical applications. For example, for dental and orthopedic implants, 

BMGs have favorable properties like high corrosion resistance, wear resistance, lower Young’s 

modulus, and higher elasticity, making them potential biomaterials compared to traditional 

crystalline alloys.[35–38] Enhanced elastic behavior and reduced Young’s modulus are 

expected to mitigate the stress-shielding effects when contacting bone tissues.[35,39,40] 

Moreover, biodegradable BMGs based on Ca, Mg, Zn, and Sr can be applied as temporary 

Figure 3: Properties and applications of BMGs: (a) Ashby plot of yield strength and fracture toughness 

for various engineering materials illustrating that MGs achieved both high fracture toughness and high 

yield strength over conventional materials.[33] (b) A comparison shows that traditional crystalline alloys 

(left) can be dented while BMGs (right) can not be dented.[34] (c) A NASA project developed strain 

wave gears made from BMGs, which are suitable for extreme conditions in space applications.[32] 
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implant materials to provide temporary fixation or mechanical support for injured tissues and 

match their degradation rate to the healing process of the host tissues, targeting the medical 

treatment without secondary surgeries.[36]  

Another highlight of BMGs is their high formability and dimensional accuracy because 

BMGs exhibit almost no volume shrinkage upon solidification during the casting process due 

to the absence of first-order phase transformations during the liquid-to-solid transitions.[2,4,8] 

Hence, BMGs can be cast to net shape with a significant reduction in post-processing and have 

complex shapes with high dimensional requirements.[2,4,8] Furthermore, BMGs show unique 

superplasticity within the SCLR, where they start to behave less like a solid and more like a 

liquid.[1,3,6,8,41] This property makes BMGs ideal for precise and net-shaping different 

geometries by thermoplastic forming (TPF), which can also be applied in micro- and nano-

replication.[6,8] More details about TPF and the superplasticity of BMGs within SCLR will be 

introduced in section 2.2. Thanks to the advantageous properties of BMGs, more research is 

devoted to utilizing them in many areas, such as electronics, aviation, aerospace, machinery, 

microelectronics, and medical devices.[4] 

 

2.1.4 Fabrication of Bulk Metallic Glasses 

Before introducing the methods to produce real ‘‘bulk’’ MGs, it is worth mentioning 

the melt spinning technique, which is applied to produce a ribbon form of MGs because 

researchers produce ribbons firstly to screen the potential composition and study their properties 

and crystallization behavior before proceeding to fabricate their bulk forms.[2,42] The alloy is 

melted inductively in a crucible, and then argon pressure is used to push the melted alloy onto 

a spinning copper drum through a small hole in the crucible, where the melted alloy solidifies 

at a cooling rate of around 106 K/s to form the MG ribbon.[2,8] 

Copper mold casting is one of the most common methods to fabricate BMGs.[2] In 

principle, the alloy is melted and then exerted into a copper mold, where the melted alloy 

contacts the copper mold to cool and solidify quickly because of the rapid heat extraction.[2,15] 

There are many variations in copper mold casting depending on their melting methods and the 

driving force to exert the melted alley into the mold. For instance, the alloy can be melted using 

induction heating or arc melting. An example of the driving force is utilizing the pressure 

difference between the melting site and the casting site. Either applying high pressure in the 

melting site to ‘‘push’’ the melted alloy into the casting mold or creating low pressure in the 

casting site to ‘‘pull’’ the melt into the mold. Methods like high-pressure die casting, ejection 

casting, and suction casting are all following this pressure differential principle.[2,19] Different 

driving forces can also be adapted to fabricate BMGs, such as gravity in tilt casting and 

centrifugal force in centrifugal casting.[43,44] 
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Powder metallurgy approaches can be used to create BMGs while avoiding the dilemma 

between casting size and cooling rate.[2,18] The concept is to produce amorphous powders first 

via mechanical alloying or gas atomization and then consolidate amorphous powders into bulk 

samples using methods such as hot extrusion, hot isostatic pressing, and spark plasma 

sintering.[2,18] Thanks to the advances in 3D printing technology since the last decade, additive 

manufacturing methods based on powder feedstock such as selective laser melting (SLM), 

laser-engineered net shaping (LENS), thermal spray 3D printing (TS3DP), and non-powder 

feedstock (ex: wires, ribbons, rods, and pellets) such as laser foil 3D printing (LF3DP), fused 

filament fabrication (FFF), laser forward transfer 3D printing (LFT3D) are developed to 

fabricate BMGs and improve their applicability.[31,45] 

 

2.2 Thermoplastic Forming of Bulk Metallic Glasses 

2.2.1 Fundamental Principle of Thermoplastic Forming 

Generally, BMGs have poor ductility and formability at room temperature because their 

plastic deformation tends to be localized in sharp shear bands.[41] Luckily, it was found that 

when BMGs are heated to their SCLR, the region between glass transition temperature (Tg) and 

crystallization temperature (Tx), their viscosity is reduced significantly, and the material can be 

deformed by viscous flow before crystallization takes place.[1,6,19,41] As demonstrated in 

Figure 5(a), in the SCLR (ΔT = Tx ‒ Tg), BMGs can be shaped and molded much like 

(thermo)plastics via a thermo-mechanical processes known as thermoplastic forming (TPF), 

Figure 4: Progress in fabrication techniques for MGs and BMGs.[31]
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which has different nomenclature such as thermoplastic net-shaping, hot forming, hot 

embossing, superplastic forming, and viscous flow forming.[6,22,46] 

The operating principle of TPF can be explained in a time-temperature-transformation 

(TTT) diagram, as shown in Figure 5(b): Segment 1 is the rapid cooling path to form a BMG 

from melted alloy. In Segment 2, the BMG is reheated into its SCLR, where its viscosity 

decreases and the material gradually softens. Segment 3 is the forming step, where external 

forces, such as compression, extrusion, rolling, injection molding, and blow molding, are 

applied to shape the material into the desired shape. It is important that Segment 3 does not 

intersect the crystallization nose; otherwise, the BMG will crystallize. Finally, the BMG is 

cooled below Tg in Segment 4, and fast cooling is not required after TPF.[1,3] 

 

In implementation practice, the most basic setup for TPF is compression molding, as 

displayed in Figure 5(c), in which the BMG is placed between two molds and squeezed by 

applied pressure.[1] This setup can deform a BMG rod into a BMG disk and due to its simplicity 

to conduct, this method is applied to explore the formability of BMGs.[21] For example, a 

standardized method to characterize the formability of a BMG in its SCLR is introduced by J. 

Figure 5: (a) Comparison of processability for conventional steel, SPF alloys, plastics, and BMG via 

the temperature-dependent strength curves.[47] (b) Typical TPF processing route in TTT diagram.[3]

(c) Schematic illustration of compression-based TPF.[1] (d) Blow molding with various strategies 

developed by J. Schroers and collaborators.[48] 
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Schroers.[49] By adding templates on the BMG disks, the compression molding can be adopted 

to create patterned surfaces on BMGs.[50] With a sequential TPF patterning process, a multitier 

pattern integrating features in multiple length scales can be achieved on the BMG surface.[46] 

As mentioned above, TPF can be executed in versatile forming strategies beyond 

compression molding, such as extrusion, rolling, injection molding, blow molding, and 

thermoplastic drawing. For instance, as shown in Figure 5(d), blow molding has been developed 

with different strategies to achieve high aspect ratio open shape structures with overall strains 

exceeding 2000% from sheet-like BMG feedstock.[48] All these developments enable net-

shape complex articles from BMGs, offering highly practical and effective methods to realize 

a broad commercial application of BMGs.  

 

2.2.2 Potential Applications 

Thanks to the versatile forming strategies of TPF, BMGs can be shaped and patterned 

from macro- to nano- and even atomic scales, as demonstrated in Figure 6. In the macro-scale 

(m to mm), BMGs can be processed into wires, screws, covers, containers, casings, housings, 

tubing, and bellows via compression molding, hot rolling, thermoplastic extrusion, and blow 

molding.[1,47,48,51,52] In the field of miniature fabrication, micro-sized BMG components, 

such as gears, tweezers, scalpels, stents, and springs, can be created by combining miniature 

molding and subsequent planarization techniques.[1,53–55] Micro- and nano-patterns can be 

imprinted on the BMG surfaces via micro- and nano-molding, while sequential TPF patterning 

methods can achieve multitier surface patterns joining multiple-length scales.[11,46,53,56,57] 

The typical micro- and nano-patterns are micro-pyramids, micro-bumps, micro-grooves, nano-

rod, nano-grooves, nano-wires and nano-pits.[11,46,50,51,53,56–58] In atomic scale,  surfaces 

exhibiting atomic-level smoothness with a roughness smaller than 2 Å are achieved by 

compression molding of BMGs on mica.[1,59] This work suggests that surface oxidation can 

be removed from the forming area by the lateral flow of the supercooled liquid, showing the 

possibility of joining BMGs by thermoplastic methods, which has been later achieved and 

reported by Chen et al. [59–61]  

Thanks to the versatility and designability of TPF, in addition to being structural 

materials, the TPF-processed BMGs have many functional applications, ranging from 

wettability, structural color, sensors, and electronics to catalysis and biomedical 

applications.[1,18,62,63] For example, biomedical applications include Zr-, Ti-, Mg-, Fe- 

BMGs for cardiovascular stents and bone implants,[18] patterned Pt-BMG nanorods for 

glucose sensors,[64] nanopatterned Pt-BMGs for engineering cellular response,[58] Pt-BMG 

microneedles/tubes for drug injections,[65,66] and MG-based fiber probes for neural 

stimulation and recording in neuroscience.[67,68] In catalyst applications, nanostructures 

created by TPF can enhance catalytic performance due to their strong specific surface area and  
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large number of active sites. Gao et al. demonstrate that nanorod-patterned Pd-BMG has an 

enhanced catalytic activity towards hydrogen evolution reaction (HER) with self-stabilizing 

catalytic activity over a long-term operation.[69] Carmo et al. reveal that nanowire-patterned 

Pt-BMG has superior electrocatalytic behaviors toward carbon monoxide, oxidation, methanol 

oxidation, and ethanol oxidation.[70] 

 

More and more applications from TPF-processed BMGs have been explored, such as 

nanopatterned surfaces with anti-reflective behavior,[10] micropatterned superhydrophobic 

surfaces,[75,76] nanowires for photoinduced heat conversion,[77] surface transfer for micro-

optics,[53] blow molding of microelectromechanical systems (MEMS) resonators,[51,78] 

multifunctional wave springs,[79] and even using BMGs as a filler material for joining 

metals.[80] Therefore, TPF process BMGs show their potential in a wide range of applications. 

 

2.3 Metallic Biomaterials with Anti-Biofilm Properties 

Improvements in medical health care during the past decades have led to increased use 

of implants, while increased medical progress and biological demands dictate the requirements 

of implants.[81] Metallic biomaterials have a long history in medical applications and have 

been widely used in hard tissue implants (orthopedic fixations, spinal fixations,  joint 

replacements, dental implants), cardiovascular devices (cardiac pacemakers, defibrillators, 

blood conduits, stents, artificial heart valves) and even neurovascular implants (aneurysm 

Figure 6: Thermoplastic forming can be applied to process BMGs on multiple scales, ranging from 

macro-scale down to atomic-scale and from the whole shape to surface modification.[1,46,47,51–

53,56,59,70–74] 
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clips), as exposed in Figure 7(a).[81,82] Due to the annual implantation of more than 1.7 million 

cardiovascular devices and 1 million orthopedic implants worldwide, the global implant 

industry was expected to reach $21.5 billion in cardiovascular devices and $55.8 billion in 

orthopedic implants in 2020.[82–85] The use of metallic biomaterials is expected to rise more 

in the near future. 

 

The increased number of implants also increases the cases of implant-associated 

infections (IAI), which cause significant threats to patients, such as implant loosening, chronic 

pain, immobility, osteomyelitis, and even mortality (Figure 7(b-c)).[82,88–95] The main reason 

of IAI is that implants are often detected as ‘‘foreign bodies’’ by the host immune system and 

activate immune responses, so-called foreign body reaction (FBR), leading to a local immune-

compromised environment in the surrounding tissue and providing a foothold to pathogenic 

bacteria to colonize the implant surface which further forms hard-to-eradicate biofilms.[82,96] 

Even with systemic antibiotic therapy before surgery, surgical procedures carry a risk of 

infection, with incidence ranging from 0.5% to 4% for total hip and knee implants.[95] 

Furthermore, these implants inevitably increase the risk of infection when left in the body for 

an extended period.[97] IAI occurrence is even higher in cases of revision surgeries on failed 

implants, the infection rates after surgical revision considerably increase up to 40% than after 

primary replacement.[82,95] IAI has a considerable clinical incidence, accompanying 

morbidity and mortality, and high economic costs shared across all implant and device 

categories.[82,90,95] According to recent studies, the combined annual hospital costs 

associated with hip and knee periprosthetic joint infection (PJI) alone will reach $ 1.85 billion 

Figure 7: Metallic implants and implant-associated infections: (a) Metallic biomaterials for implant 

applications.[81] (b) Infection causes bone loss around dental implants.[86] (c) Removed knee implants 

from patients due to IAIs.[87] (d) Stages of biofilm formation on implant surfaces.[88]  
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in the United States by 2030.[98,99] Therefore, developing implant materials with anti-biofilm 

properties is imminent and indispensable. 

A legendary military strategist, Sun Tzu, once said, ‘‘To know your enemy, you must 

become your enemy.’’ and ‘‘If you know the enemy and know yourself, you need not fear the 

result of a hundred battles.’’.[100] To help the host tissue win the fight against biofilm on the 

implant surface, it is essential to understand how pathogenic bacteria attach and form biofilm 

on the surface. Figure 7(d) illustrates four main stages of biofilm formation on titanium 

implants:[88] 

(1) Proteins adsorb on the implant surface, forming a protein layer responsible for 

mediating subsequent cellular events, including microbial and host cell attachment, 

through adhesin-receptor interactions.[88,101,102] 

(2) Early colonizing bacteria as planktonic (free-floating) microbial recognize protein 

pellicle receptors and adhere to the surface via binding to the protein layer. Thus, 

protein pellicle receptors can selectively promote the accumulation of specific 

microbial species on exposed surfaces.[88,101,102] 

(3) After initial microbial adhesion, bacteria in the monolayer proliferate locally and 

secrete extracellular polymeric substances (EPS) including polysaccharides, 

proteins, extracellular DNA (eDNA) which are the building blocks for biofilm. 

Different microbial species also interacts to each other to facilitate biofilm 

accumulation and maturation by co-aggregation processes.[88,101,102] 

(4) The synergistic interaction between organisms continues to build the biofilm 

structure, forming a three-dimensional extracellular matrix called polymicrobial 

biofilm. Biofilm as a protective matrix for bacteria not only enhances microbial 

interaction and cooperation but also blocks bacteria from immune cells and 

antibiotics. Thus, removing a biofilm is incredibly challenging after a biofilm has 

formed and matured.[88,101,102] 

It is worth noting that bacteria in the biofilm can be dispersed and revert to a planktonic 

state, spreading infection by floating in the surrounding liquids and initiating a new biofilm 

formation cycle.[101] The most causative pathogens in IAIs are Staphylococci, such as 

Staphylococcus aureus and Staphylococcus epidermidis, and other common ones include 

enterococci and Pseudomonas aeruginosa.[92,103–105]  
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The current therapies for IAIs are heavily rely on antibiotics which leads to the 

emergence of antibiotic-resistant bacterial strains, such as methicillin-resistant Staphylococcus 

aureus (MRSA).[103] Therefore, more researchers are working on biomaterials with 

antimicrobial properties in order to find material-based solutions for IAIs. As illustrated in 

Figure 8(a), there are three main mechanisms to achieve antibacterial properties on the implant 

surfaces:  

(i) Antiadhesion: The implant surfaces with antifouling and antiadhesive properties 

minimize bacterial adhesion, a critical stage for biofilm formation. These surfaces 

aim to prevent bacterial adhesion and biofilm formation without actively killing 

bacteria.[108–110] Antiadhesion can be achieved by controlling wettability and 

steric or electrostatic repulsions. Examples are surface topography with micro- and 

nanostructure or polymeric coating with hydrophilicity or super-

hydrophobicity.[88,104,108–110] 

(ii) Contact killing: The implant surfaces utilize physical approaches, such as 

electrostatic action and mechano-bactericidal mechanism, to damage bacterial cell 

Figure 8: Designs to assign antibacterial properties on implant surfaces (a) Main mechanisms to 

enhance antibacterial properties. Adapted from [106]. (b) An overview of antibacterial material surface 

design, including key aspects against bacterial adhesion (left), various effects to resist biofilm (right), 

and antibacterial systems combining multiple strategies for clinical therapy.[107]  
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walls and kill bacteria without releasing antibacterial agents. Surfaces modified with 

nanostructures, antimicrobial peptides (AMPs), photocatalytic substances and ion 

implantations are examples [97,104,108–112] 

(iii) Release killing: The implant surfaces are loaded with antibacterial agents, which 

are released locally to kill the planktonic bacteria in the surroundings after 

implantation. Common antibacterial agents are metal ions, AMPs and 

drugs.[107,108,113] 

In practice, antibacterial implant surfaces can be realized through surface modifications 

(Figure 8(b)) or directly using intrinsic antibacterial materials that already have antibacterial 

and bactericidal properties without further surface modification.[105] An example of intrinsic 

antibacterial materials is using micro-alloying as a strategy to modulate antibacterial ion release 

from bulk materials.[114] It is worth noting that different antibacterial mechanisms and 

strategies have their own pros and cons, and most importantly, antibacterial surfaces should 

minimize adverse effects on host tissues. Hence, an ideal implant surfaces can be accomplished 

by integrating multiple antibacterial strategies. The current strategies mainly suffer from three 

major disadvantages, including short lifetime, cytotoxicity to surrounding tissue, and 

antimicrobial resistance.[107]  Therefore, the development of materials combining long-term 

antibacterial effects and targeting capabilities on pathogens while preserving good 

biocompatibility is essential for human well-being. 

 

2.4 Electrocatalysts in Hydrogen Production 

Since the rise of the traditional energy crisis and the increasing awareness of 

environmental and climate problems, it is inevitable to change the energy structure and raise 

the proportion of renewable energy to ensure the sustainable development of human 

society.[115,116] The development of renewable and sustainable green energy, like solar, wind, 

tidal, and hydrogen, has attracted extensive attention.[117] Hydrogen (H2) is regarded as a 

prospective energy carrier because of its nontoxic, pollution-free, good thermal conductivity, 

high utilization rate, and high calorific value (140 MJ/kg), making it a promising energy carrier 

as a fuel for both storage and transportation.[115–117] Overall, there are three industrial options 

for hydrogen generation: methane steam reforming, coal gasification, and water 

electrolysis.[116] However, water electrolysis, especially the hydrogen evolution reaction 

(HER), is a more environmentally friendly and sustainable option compared to the other two. 

Since hydrogen production through water splitting has to overcome its intrinsically slow 

kinetics and large overpotential, making it economically impractical for large-scale use.[118–

120] Thus, in order to lower energy consumption and increase energy conversion efficiency, 

electrocatalysts with small overpotentials must be developed.[121] 
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There are two half-reactions in water electrolysis: HER at the cathode generates 

hydrogen (H2), and oxygen evolution reaction (OER) at the anode generates oxygen (O2).[123] 

Generally, HER contains two consecutive electrochemical steps in both acidic and alkaline 

solutions via Volmer‐Heyrovsky or Volmer-Tafel pathways, as shown in Figure 9(a).[122–124] 

The first step is the Volmer reaction, where a proton is adsorbed on the active site of the 

electrocatalyst and couples with an electron provided by the external circuit, yielding an 

intermediate adsorbed hydrogen (H* or M‒Hads) atom.[122,124] In the second step, H2 can be 

generated by either the Tafel reaction, in which two adjacent adsorbed hydrogen atoms are 

directly combined to form H2 (Volmer‐Tafel pathway), or Heyrovsky reaction, in which another 

proton in acidic electrolytes or water molecule in base electrolytes diffuses to the adsorbed 

Figure 9: Electrocatalysts for hydrogen evolution reaction (HER): (a) Roles of electrocatalysts in HER 

mechanism in acidic (left) and base solutions (right).[122] (b) Strategies to improve HER 

electrocatalysts.[115] (c) HER electrocatalysts based on various material systems have been 

proposed.[116] 
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hydrogen atom and then reacts with an electron to form H2 (Volmer‐Heyrovsky 

pathway).[116,122–124] 

In acid solution: 

M + H+ + e‒ → M‒Hads Volmer reaction 

M‒Hads + M‒Hads → H2 + 2M Tafel reaction 

M‒Hads + H+ + e‒ → H2 + M Heyrovsky reaction 

In base solution: 

M + H2O + e‒ → M‒Hads + OH‒ Volmer reaction 

M‒Hads + M‒Hads → H2 + 2M Tafel reaction 

M‒Hads + H2O + e‒ → H2 + M + OH‒ Heyrovsky reaction 

Notably, the adsorbed protons depend highly on the electrolyte and play a critical role 

in HER. For example, protons appear as hydronium ions (H3O+) in acidic solutions such as 

H2SO4. In contrast, water molecules (H2O) are the proton source in base solutions such as KOH 

or neutral solutions such as phosphate buffer electrolyte.[122,123] 

Electrocatalysts with superior HER performance have typical properties like high 

intrinsic activity, large specific surface area, and fast electron/hydrogen/water transport.[115] 

As illustrated in Figure 9(b), in order to achieve good overall catalytic performance, an ideal 

design of electrocatalysts should coordinate intrinsic effects and extrinsic assistance to 

synergistically maximize intrinsic activity, exposed active sites, and electron/hydrogen/water 

transports.[115] The intrinsic effects include alloys, compounds and phase transformation, 

defects, confinement, and multisite functionalization, while extrinsic effects cover strain 

effects, heteroatom doping, promoters, nanostructuring, interface, and field effects.[115] 

Currently, the benchmark for HER electrocatalysts is still Pt-based metals because of 

their ideal adsorption of hydrogen, which facilitates both the adsorption of active hydrogen 

species and the desorption of hydrogen molecules.[116] However, noble metal (Pt, Ru, and Ir)-

based electrocatalysts suffer from their scarcity, high cost, and poor stability in highly acidic 

and alkaline electrolytes.[116,118,123] As demonstrated in Figure 9(c), electrocatalysts based 

on various material systems are proposed in order to develop HER catalysts for large-scale 

applications with low production cost, high Earth abundance, long-term electrocatalytic 

stability, high electrical conductivity, and efficient electrocatalytic performance.[115,116,118] 

Nevertheless, improving the electrocatalytic activity and durability of HER catalysts remains a 

challenge. 
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3 Motivation and Problem Statement 

3.1 Can’t Metallic Glasses Be Deformed and Patterned Once Crystallized? 

As mentioned in section 2.2, the basic concept of thermoplastic forming of BMGs is 

that amorphous BMGs can be deformed and patterned via Newtonian viscous flow when re-

heated into their SCLR. It was believed that the TTT curves of the material define the processing 

window of TPF, and it was crucial to avoid intersecting the nose-shaped crystallization curves 

during the whole TPF process. The main concerns about the crystallization during TPF are (i) 

loss of the deformability and (ii) loss of the mechanical properties of BMGs.  

 

Figure 10: (a) Continuous heating transformation (CHT) curves with iso-viscosity contours for 

Zr70Cu16Ni4Co4Al6 MG.[125] (b) The temperature dependence of viscosity for Zr52.5Cu17.9Ni14.6Al10Ti5

BMG. As temperature increases, the viscosity of BMG drops in the relaxation and SCL regions but then 

increases suddenly due to the crystallization.[1,126] 
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Regarding the loss of the deformability of BMGs, it is worth noting that the selection of 

processing temperature simultaneously influences the crystallization time and viscosity of 

BMGs. Ideally, the TPF processing path should provide (i) a sufficiently wide processing 

window without triggering the crystallization and low enough viscosity to deform the material. 

As shown in Figure 10(a), within the SCLR, the higher processing temperature leads to a shorter 

crystallization time (disadvantageous) and lower viscosity (beneficial). Furthermore, as 

demonstrated in Figure 10(b), the viscosity of BMGs reduces strongly in the relaxation and 

SCL regions, followed by an abrupt increase in viscosity due to the crystallization, causing the 

material to lose its liquid-like behavior.[1,126] Hence, the material cannot be deformed 

anymore once it is crystallized.[1,21] 

Concerning the loss of mechanical properties of BMGs after the TPF process, several 

studies report that the hardness increased, and embrittlement occurred on the processed 

materials.[3,127–130] For instance, Monfared et al. showed that even though the material 

remains amorphous after the TPF process, the TPF processed Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 MGs 

have higher hardness values than the original material, and the hardness is increased with higher 

forming temperature (Figure 11(a)).[127]  The study concluded that this increase in hardness is 

owing to the annihilation of the free volume in the amorphous material during the TPF.[127]  

 

The temperature exposure during TPF processes can cause embrittlement in 

BMGs.[1,3,19,128,129] Figure 11(b) illustrates how structural relaxation actuates the 

embrittlement when annealing below Tg.[19,128] When annealing above Tg, crystallization 

dominates the embrittlement, and even the early stages of the crystallization process cause 

considerable embrittlement.[1,19,128] Furthermore, annealing was also found to affect the 

elastic constants of BMGs.[19,128,131] Therefore, it was believed that the fabrication of BMG 

Figure 11: (a) Hardness (HV1) change of Zr58.5Cu15.6Ni12.8Al10.3Nb2.8 MG after thermoplastic forming 

at different temperatures.[127] (b) A schematic illustration of the embrittlement kinetics in BMGs with 

respect to annealing temperature and time. The embrittlement of BMGs originates from the structural 

relaxation when annealed below Tg and the crystallization when annealed above Tg.[19,128] 
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parts via TPF must refrain from crystallization to avoid noticeably embrittling the material and 

loss of mechanical properties.[1,3,19,41,126] 

 

3.2 Limited Materials for Biological Research on Rigid‒Ordered Surfaces 

The surface topography of the implants plays an essential role in their osseointegration 

and anti-biofilm properties due to their influence on protein adsorption and cell behavior. 

[40,132–134] First, surface topography can deeply modify surface–protein interactions and thus 

change the amount, binding strength, orientation, and conformation of the adsorbed 

protein.[135] The absorbed protein covering the surface can define subsequent cell 

adhesion.[40,134,136] On the other hand, numerous studies demonstrate how cells can sense 

their surroundings and use mechanotransduction to translate mechanical cues like topography 

and stiffness into biochemical signals that regulate cell response and function.[134,137–142] 

In terms of antimicrobial properties, several studies demonstrate that micro- and nano-scale 

topographies can reduce bacteria adhesion, which is crucial for hard-tissue implant 

applications.[107,143] 

 

Figure 12: Various strategies to optimize the pattern design for implant surfaces:  (a) Design parameters 

for surface patterns.[144] (b) Schematic illustration of representative partially ordered and ordered 

surface patterns.[134] (c) Schematic illustration of the effects of various surface patterns on cellular 

activities, including flat surface, micro-, nano-, and hierarchical structured surfaces.[145] 
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On a deeper level, further research tempts to understand how pattern parameters, such 

as the geometry, dimension, aspect ratio, repeat spacing, and uniformity of a patterned surface, 

can substantially influence cell attachment, migration, proliferation, and differentiation with 

various cell types (Figure 12).[35,134,145–148] Generally, micro-structured substrates can 

alter cell morphology and cytoskeletal structure, while nano-structured surfaces can affect cell 

functions, especially proliferation, differentiation, and alignment.[35,145] Furthermore, there 

are also reports that multimodal surface topography, such as hierarchical structures, influences 

protein absorption with both, micro- and nano-features. For example, micro-roughness 

enhanced protein adsorption, which is expected to occur due to the presence of additional active 

sites and features for a larger specific surface area.[135,149] At the same time, nano-roughness 

has no clear effect on adsorption, but its aspect ratio can affect protein conformation and 

orientation.[135,150,151]  

Currently, highly ordered patterns are primarily created with polymeric substrates, and 

less research on cell responses has been done on rigid- and ordered-patterned surfaces.[134] 

Most studies on patterned Ti-alloys rely on chemical and laser-based approaches to achieve 

hierarchical topography, in which uncontrollable roughness is a primary challenge. Compared 

with arbitrary roughness, surface topography with well-defined dimensions makes it simple to 

qualify and quantify the effect of a designated surface feature on a specific cell or bacterial 

behavior.[35,58,134] Transferring beneficial patterns studied from soft materials onto metallic 

implant surfaces while maintaining fidelity is still challenging. Therefore, Publication II 

showcases surface patterning with multi-length-scale features on BMGs using TPF, broadening 

the possibility of studying cell behavior on rigid and ordered surfaces.[35] 

 

3.3 Pt-Based Bulk Metallic Glasses for Hydrogen Production 

Platinum (Pt)-based materials have been proven to be the most efficient catalysts for 

hydrogen evolution reaction (HER).[118,152,153] According to experimental and theoretical 

calculation studies, Pt element achieves high HER catalytic activity thanks to the most 

approachable zero hydrogen absorption energy, which is illustrated in the experimental 

“volcano plot” (Figure 13).[118,152,154] The volcano plot shows that Pt has both a high 

exchange current density (catalytic activity) and intermediate metal‒hydrogen bond strength 

(moderate strength of Pt‒H bonding) to be the most promising HER catalysts.[118,152,154] 

However, the high cost, poor stability, and scarcity of Pt severely limit their vast 

utilization.[118,152,154–156]  
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Noble metal-based BMGs, such as those based on Pt and Pd, can easily be molded and 

patterned via the TPF process when heated up to supercool liquid region (SCLR) and have been 

applied to jewelry and implant applications.[1,2,70,114,158,159] Additionally, BMGs could be 

a strategy to ease the financial burden of noble elements by forming alloys with other 

inexpensive metals and lowering noble metal loading.[118,158] 

In the context of electrocatalytic application, several studies demonstrated the 

advantageous properties of TPF-nanostructured Pt-based BMGs in hydrogen oxidation (HOR), 

oxygen reduction (ORR), and methanol oxidation (MOR).[70,159,160] In terms of HER 

application, studies showed that Pd-based BMG catalysts, such as Pd40.5Ni40.5Si4.5P14.5 BMG 

with hierarchical nanostructures, Pd40Ni10Cu30P20 MG ribbons, and nanoporous amorphous Pd-

Cu-S, exhibit two peculiar features: (i) a self-stabilizing tendency of long-term static 

overpotentials to achieve specific current densities and (ii) enhanced electrocatalytic activity 

during the long-term cyclic voltammetry (CV) tests.[17,69,161,162] Both phenomena from Pd-

based BMG catalysts are beneficial, in contrast to the declining trend of activity observed in 

polycrystalline Pd-alloys.[17,159,161–165] Additionally, a hybrid catalyst that embeds Pt 

nanoparticles on a nanowire-patterned Pd40Ni10Cu30P20 BMG matrix has improved long-term 

stability and activity in HER.[153,158] 

The majority of Pt-based BMG electrocatalytic research is currently concentrated on the 

hydrogen oxidation reaction in fuel cell applications, where Pt-based BMG catalyst exhibits 

exceptional durability and activity.[12,21,22,32] The puzzle of Pt-based BMGs for HER in 

hydrogen production still needs to be discovered.[153] Therefore, in Publication III, the 

electrocatalytic performance of Pt57.5Cu14.7Ni5.3P22.5 BMG (Pt-BMG) with plain, microrod, and 

nanorod surfaces in hydrogen production via HER was explored.[153] In-depth studies found 

that the nano-patterned Pt-BMG possesses enhanced catalytic activity and long-term stability 

for HER due to the in-situ formation of CuxO foam on top of the Pt-BMG nanorods.[153]  

Figure 13: Experimental Volcano plot for HER: Exchange current density as a function of the hydrogen 

adsorption energy of metal‒hydrogen bonds for pure metals.[152,157] 
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4 Major Materials and Methods 

4.1 Materials 

4.1.1 Bulk Metallic Glasses 

Ti40Zr10Cu34Pd14Sn2 BMG 

Aiming for dental and orthopedic applications, Ti40Zr10Cu34Pd14Sn2 BMG (at%) is 

chosen to study creating surface patterns using the TPF technique. Ti40Zr10Cu34Pd14Sn2 BMG 

is based on a well-explored Ti40Zr10Cu36Pd14 BMG, but 2 at.% of copper is replaced by tin. The 

original Ti40Zr10Cu36Pd14 BMG has shown satisfactory biocompatibility, and compared with 

the benchmark Ti-6Al-4V alloy, it has good corrosion resistance (a higher corrosion potential 

and a lower corrosion rate), relatively higher strength, and lower Young's modulus.[16,166–

168] Hence, Ti40Zr10Cu36Pd14 BMG is a promising material for dental implants. However, the 

Ti40Zr10Cu36Pd14 BMG has some disadvantages for the TPF process, such as a narrow SCLR 

(∆Tx= 47 °C) and low fragility.[56,169,170] The material has only roughly one order of 

magnitude of viscosity reduction in the SCLR and, thus, is very hard to deform by the viscous 

flow deformation during the TPF process.[21,56,170] In addition, the annealing time before 

crystallization begins is short, leading to a short TPF processing window of Ti40Zr10Cu36Pd14 

BMG because BMGs cannot be deformed once fully crystallized.[21] By substituting Cu with 

2 at.% Sn, the Ti40Zr10Cu34Pd14Sn2 BMG has a better GFA and a larger SCLR (∆Tx= 55 °C) 

before crystallization compared with Ti40Zr10Cu36Pd14 BMG, thanks to the effective control of 

the nucleation of crystalline phases.[169,171–174] As a result, the Ti40Zr10Cu34Pd14Sn2 BMG 

has a greater potential to be processed via TPF than Ti40Zr10Cu36Pd14 BMG.[21] The 

comparison of DSC curves between Ti40Zr10Cu36Pd14 and Ti40Zr10Cu34Pd14Sn2 BMGs is shown 

in Figure 14(a). The Ti40Zr10Cu34Pd14Sn2 BMGs were fabricated in-house; see section 4.2.2 for 

details.  

 

Pt57. 5Cu14.7Ni5.3P22.5 and Pd43Cu27Ni10P20 BMGs  

Both Pt57.5Cu14.7Ni5.3P22.5 (Pt-BMG) and Pd43Cu27Ni10P20 (Pd-BMG) used in this thesis 

were provided by PX Services SA and produced via induction-melting and tilt-casting. The 

feedstocks with nominal composition Pt57.5Cu14.7Ni5.3P22.5 and Pd43Cu27Ni10P20 (at%) were 

alloyed using high-purity components (> 99.95%) in an induction furnace, which minimizes P 

losses from evaporation. The alloyed feedstock was then cast into a BMG rod with a 6 mm 

diameter and 100 mm length by tilt-casting into a copper mold.[153] All melting and casting 

operations were done in a high-purity argon-protective atmosphere, and no fluxing chemicals 

were introduced. Disks of 1.5 mm in thickness were cut from the as-cast rod. To confirm the 

amorphous structure of the whole as-cast rod, XRD was performed on the disks from the 

bottom, middle, and top sections using a Bruker D2 Phaser and Co Kα radiation (λ = 0.17889 

nm).[153] The DSC curves of Pt-BMG and Pd-BMG are illustrated in Figure 14(b). 
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4.1.2 Bioresorbable Polymers 

The bioresorbable polymers poly(D,L-Lactide-co-PEG5000) (PDLLA-PEG) used for 

spin-coated samples were synthesized by Ashland Specialties Ireland Ltd.     

4.1.3 Templates for TPF 

Table 1 summarizes various patterning molds implemented in the TPF processes. 

Section Material Features Supplier 

Publication I 
[21] 

W720 tool steel 
An array of 300 µm cubes 

with 300 µm gaps 
Customized at 

workshop[1] 

Macro-porous silicon 
5 µm pore diameter and      

12 mm interpore distance 
SmartMembranes 

GmbH 

Publication II 
[35] 

Macro-porous silicon 
2.5 µm pore diameter and  
4.2 µm interpore distance SmartMembranes 

GmbH 
Nano-porous alumina 

400 nm pore diameter and 
480 nm interpore distance 

Publication III 
[153] 

Macro-porous silicon 
2.5 µm pore diameter and  
4.2 µm interpore distance SmartMembranes 

GmbH 
Nano-porous alumina 

90 nm pore diameter and   
125 nm interpore distance 

5.4.3 

Macro-porous silicon 
1 µm pore diameter and     

1.5 µm interpore distance 
SmartMembranes 

GmbH 

Nano-porous alumina 
40 nm pore diameter and    
10-12 ~ 10-8 pore density 

InRedox LLC 

Figure 14: DSC curves from constant-rate heating (20 °C/min) measurements: (a) comparison of 

Ti40Zr10Cu34Pd12Sn2 and Ti40Zr10Cu36Pd12 BMGs, (b) comparison of Pt57.5Cu14.7Ni5.3P22.5 and 

Pd43Cu27Ni10P20 BMGs. 

Table 1: A summarized list of templates used in this thesis. 
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[1]: The W720 tool steel templates were fabricated using wire-cut electrical discharge machining (EDM 

MV1200S, Mitsubishi Electric Europe B.V.). 

 

4.2 Casting of Ti-BMGs 

4.2.1 Arc Melter Apparatus  

An integrated system with plasma arc melting and suction casting (Arc Melter AM 500, 

Edmund Bühler GmbH) is utilized to prepare Ti40Zr10Cu34Pd14Sn2 master ingots and BMG 

samples (fabrication details see section 4.2.2). The photo of the basic setup of the arc melter is 

shown in Figure 15(a). The arc melter requires four supplementary elements for the operation: 

(i) power supplier, (ii) recirculating water-cooling chiller, (3) inert gas bottle, and (iv) vacuum 

pump.[175] A  power supply allows arc ignition without touching the sample, which is suitable 

for preparing high-purity metallic alloys.[175] The recirculating water-cooling chiller has a 

loop flow internally through the copper crucible plate (Figure 15(b)) and the water-cooled 

tungsten electrode.[175] The inert gas bottle provides Argon gas as the shielding gas during the 

melting.[175] The vacuum pump includes the rotary and the diffusion units to remove the 

pollution and the reactive gases from the melting chamber.[175] To ignite the arc without 

contact, the power supplier has an inverter section equipped with a high-frequency facility to 

strike a spark between the electrode and the crucible; plus, the shielding gas creates a conductive 

path, thereby starting the melting arc.[175]  The melting arc formed between the electrode and 

the metals to produce heat, melting the metals in the crucible to form an alloy.  

 

The suction-casting components are installed under the copper crucible plate, as 

illustrated in Figure 15(c). The essential components are (i) copper mold, (ii) control valve, and 

(iii) suction chamber. The copper mold is mounted right below the copper crucible plate, then 

Figure 15: The integrated system with plasma arc melting and suction casting: (a) Arc Melter AM 

500.[176] (b) Copper crucible plate with suction casting components.[177] (c) illustration of suction 

casting.  
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the control valve, and finally, the suction chamber. The suction chamber was under vacuum 

condition using the vacuum pump before casting. Therefore, the suction chamber has lower air 

pressure than the melting chamber. After the master alloy is properly re-melt, the control valve 

is opened to let the lower air pressure in the suction chamber ‘’suck’’ the metal melt into the 

copper mold. 

 

4.2.2 Fabrication of Ti-BMGs 

The Ti40Zr10Cu34Pd14Sn2 BMGs were produced using an arc-melter with a suction 

casting option (Arc Melter AM 500, Edmund Bühler GmbH). Firstly, the master ingots with 

nominal composition Ti40Zr10Cu34Pd14Sn2 (at%) were prepared by melting and mixing pure 

elements (purities: Ti: 99.995%; Zr: 99.95%; Cu 99.999%; Pd 99.9%; Sn: 99.99%) by arc-

melting. Each ingot was melted above the liquidus temperature for five times to ensure 

homogeneity. The ingot is then cast into the desired geometry, such as a rod and a disk, by 

copper mold suction casting. The same arc-melting apparatus, operated in a Ti-getterred Ar 

environment, was used for both master ingot preparation and suction casting. The optimized 

parameters for casting Ti40Zr10Cu34Pd14Sn2 BMGs into various dimensions are summarized in 

Table 2. 

Dimension  

(Thickness x Diameter) 

Ingot Mass 
(g) 

Barometric Pressure in 
Chamber (bar) 

Melt Current 
(A) 

Throttle 
(turns) 

2.5 mm x 12 mm 2.85 -0.1 130 ~ 135 10 

2.0 mm x 12 mm 2.80 -0.1 130 10 

1.0 mm x 12 mm 1.20 -0.1 100 10 

Depending on the geometry and the following experiments, the as-cast Ti-BMGs were 

cut differently. The as-cast Ti-BMG rods were cut to the desired thickness for DSC analysis 

and deformability test using a Struers Accutom 50 device.[21] For the surface patterning 

experiments, the as-cast Ti-BMGs disks with 2.5 mm thickness were sliced in of half the 

thickness using a wire-cut electrical discharge machining (EDM MV1200S, Mitsubishi Electric 

Europe B.V.) and then mirror-polished to a thin disk with a thickness around 1 mm and surface 

roughness (Ra) less than 1 µm. The polish step eliminated potential surface crystallization and 

oxidation, ensuring the surfaces were parallel for the TPF processing. 

 

4.2.3 Optimization of Copper Mold for Disk Fabrication 

A good cupper mold design is essential to cast BMGs. The main functions of copper 

molds are (i) controlling the final shape of the casting and (ii) cooling down the casting quickly 

enough to avoid crystallization. In order to have final samples suitable for in-vitro biological 

Table 1: Optimized parameters for suction-casting Ti40Zr10Cu34Pd14Sn2 BMG disks. 
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assays, which require at least 10 mm in diameter and around 1 mm in thickness, the mold was 

designed to cast BMGs into disk shape. The final design of the copper mold to fabricate BMG 

disks is displayed in Figure 16(a). There are four main components in this mold design:  

(1) Ingot holder: The place holds the ingot to re-melt the master alloy. 

(2) Upper mold (cope): This part includes a tunnel connected to the ingot holder, 

allowing the melted alloy to flow into the mold. 

(3) Spacer: The spacer controls the thickness and shape of the disk. 

(4) Lower mold (drag): This part includes air passages allowing the Argon gas from the 

melting chamber to flow into the vacuum chamber underneath the mold. 

 

Compared with the original mold, this new design has gone through serial 

optimizations, as shown in Figure 16(b). There are two main evolutions in the new design. The 

new upper mold (2) features a notch to create a gap between the ingot holder. This gap hinders 

the heat conduction from the ingot holder to keep the mold cold when melting the ingot. The 

other evolution is the spacer (3). The old spacer is a copper ring installed on the outer side of 

the lower mold, and the upper mold stands on the spacer to create the casting space in the upper 

mold. The main issue with the old spacer is that the copper ring can only define the casting 

thickness but fails to control the shape of the final casting, as revealed in Figure 16(c).  

On the contrary, the new spacer comprises two half-piece gaskets installed inside the 

upper mold. There are three advantages of this new design (Figure 16(d)): (i) precise control of 

Figure 16: (a) The final design of the copper mold and a Ti-BMG disk in the center. (b) Disassembly 

photo of old and new copper molds. A detail view of casting space in the mold and the final casting 

products of the (c) old and (d) new designs. 
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casting shape and thickness, (ii) improved cooling rate of the casting by creating more contact 

area, and (iii) more tolerance for casting parameters such as heating current and chamber 

pressure. Lastly, the design of two half-piece gaskets is economically beneficial because it can 

be customized to cast in different shapes, such as square plates and gears, without changing 

other mold components. 

 

4.3 Thermoplastic Forming of BMGs 

All BMG disks were ground and mirror-polished to a thickness of about 1 mm and 

surface roughness (Ra) of less than 1 µm to eliminate potential surface oxidation and ensure 

the parallel surfaces required for further TPF processing. 

4.3.1 Original Apparatus Based on Zwick Type 1382  

In the first publication, the fundamental layout of the TPF process includes a 

compression test machine (Zwick Type 1382) with a custom vacuum chamber, a vacuum pump, 

and a resistance heating sheath surrounding the chamber (Heraeus Type 19.519.000), as 

demonstrated in Figure 17.[21]  

 

Figure 17: The apparatus of thermoplastic forming (TPF) process used in the first publication.[21]

Because of the configuration of the shaft components, the compression test machine drives in a tensile 

direction to apply compressive stress to the sample.  
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To alleviate the influence of oxidation throughout the material flow, the TPF process 

was executed in an enclosed chamber under vacuum (4×10-4 mbar) conditions.[21] The heating 

sheath heated the vacuum chamber to the targeted temperature between 430 °C and 450 °C with 

an average heating rate of around 6.8 °C/min.[21] Additionally, to prevent undesired dynamic 

impact, a preload of 1 kN was applied to the specimen before the sample reached the targeted 

temperature.[21] When the sample reached the processing temperature, the load was gradually 

increased to the highest load of 10 kN with a loading rate in the range of 4.5 ~ 7.5 N/s and held 

for a predetermined duration.[21] The force, temperature, and displacement of the process were 

monitored and recorded on a computer using the LabVIEW system design program.[21] 

This apparatus realizes the basic research on the TPF process for Ti-BMGs. However, 

there are several drawbacks to this setup: 

 The maximum force of this compression test machine is only 10kN, which means it 

can apply only pressure of 127 MPa on a 10 mm diameter disk.   

 The target force is manually controlled by a knob adding uncertainty to the 

reproducibility, and loading rate control is almost impossible.     

 The sample must be pre-installed into the enclosed chamber, then the heating sheath 

is placed to heat the vacuum chamber. This means the sample needs to heat along 

with the whole system, costing the TPF process window of BMGs. 

 The sample is heated indirectly by the heating sheath through the vacuum chamber, 

resulting in a long heating-up stage (at least 1 hour to achieve 400 °C), and the 

sample temperature is prone to overshooting. 

 The pull-to-compress configuration is not mechanically stable, resulting in poor 

pressure distribution. 

Due to the above-mentioned drawbacks, upgrading he TPF apparatus was crucial to 

level up the TPF research. More details are revealed in section 4.3.2. 

 

4.3.2 Upgraded Apparatus Based on Zwick Z100 

An upgraded TPF apparatus (Figure 18) was utilized in Publications II and III.[35,153] 

This new apparatus design was inspired by the prior research by Prof. Jan Schroers and 

colleagues at Yale University.[50,178] The entire system is built around a compression 

testing machine (Zwick Z100, ZwickRoell GmbH & Co. KG) and customized components such 

as upper and lower anvils fitted with heating cartridges, thermocouples, a PID controller, and 

water-cooling circulation.[35,153] The anvils have preserved holes to fit heating cartridges and 

thermocouples. The thermocouples send live time signals to the PID controller for temperature 

control. The most significant improvement of our setup over the apparatus at Yale University 

is adding a water-cooling circulation system. The apparatus at Yale University lacked a proper 

cooling system to eliminate the heat transfer from anvils to the loading cells, which caused the 
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compression testing machine to malfunction during long-term experiments. Our water-cooling 

circulation system can effectively keep the loading cells cool even after 6 hours of operation at 

400 °C. A manual, including the installation and operation of this ad-hoc TPF apparatus, is 

attached in the Appendix. 

 

This upgraded apparatus based on Zwick Z100 have significant improvements over the 

original apparatus based on Zwick Type 1382: 

 The maximum force is raised to 100 kN, which can deliver 1.27 GPa pressure on a 

10 mm diameter disk. This pressure is 10 times higher than that of the previous 

apparatus. 

 The target force and loading rate are pre-programmed and computer-controlled. The 

loading rate can be regulated either by force or by displacement. All these features 

significantly improve the reproducibility.  

 Without the enclosed vacuum chamber, the sample can be inserted after the anvils 

achieve the target temperature, saving the TPF process window of BMGs. 

 The sample is heated directly by the anvils. Hence, the sample temperature can 

achieve 400 °C within 1 minute. Furthermore, the anvils take around 20 min to 

400 °C, at least 60% faster than the original apparatus. 

 The rigid and stable components, such as force-delivering shaft and anvils, ensure 

good pressure distribution on the sample surface. 

Thanks to all the above improvements, Ni-free Ti-BMG disks with nano-patterns and 

hierarchical structures via TPF were accomplished as described in Publication II.[35] 

Figure 18: The upgraded apparatus of thermoplastic forming (TPF) process used in Publication II and 

III.[35,153] 
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4.3.3 Summarized TPF Process Parameters  

All TPF process parameters applied in this thesis are summarized in Table 3. 
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Table 2: Summarized TPF process parameters 
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4.4 Material Characterization 

 The material characterization methods used in this thesis can be classified into five 

categories, as illustrated in Figure 19. These five categories are (i) structural properties, (ii) 

thermal properties, (iii) surface properties, (iv) mechanical properties, and (v) electrochemical 

properties. The experimental methods were adjusted and optimized depending on the scope of 

each publication. Therefore, detailed information about the methods is described for each 

publication in section Publications and Appendix. 

4.5 In-Vitro Study 

The in-vitro studies in this thesis are summarized into a coordinate plane with four 

quadrants and illustrated in Figure 20. The x-axis distinguishes the cell culture and microbial 

culture. Methods on the positive x-axis (i.e., Quadrant I and IV) are carried out with host cells, 

while those on the negative x-axis (i.e., Quadrant II and III) are conducted with bacteria. The 

y-axis separates the methods by imaging analysis and colorimetric assays. Imaging analysis on 

the positive y-axis (i.e., Quadrant I and II) directly observes cell and bacterial morphology, 

distribution, and live-dead physiological states via OM, SEM, fluorescence microscopy, and 

AFM. It is worth noting that taking multiple images on various regions of the sample is critical 

for imaging analysis due to the heterogeneous distribution of cells and bacteria on the whole 

surface. Colorimetric assays on the negative y-axis (i.e., Quadrant III and IV) assess the 

Figure 19: Summary of material characterization techniques used in this thesis. 
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concentration of a specific chemical compound in a solution by reading spectral absorbance at 

a given wavelength with the aid of a color reagent and a colorimeter (spectrophotometer) 

offering a quantitative estimation on cell growth and viability or biofilm formation.[179]  

 

The in-vitro tests for host cells are described in detail in Publication II. The antibacterial 

and anti-biofilm assessments shown in this thesis are only preliminary results due to insufficient 

experimental repetitions.  

 

4.6 Materials and Methods of Unpublished Results 

4.6.1 Spin Coating of Bioresorble Polymers 

The spin coating was carried out using a SPIN150i-NPP Single Substrate Spin Processor 

(SPS-International) with a vacuum chuck to fix the substrate. 0.3 mL of coating solution was 

dispensed to cover the whole substrate. The spin coating was performed at the rotation rate of 

2k, 4k, 6k, 8k, and 10k rpm for 40 seconds with a 10k rpm/sec acceleration rate. After the 

coating procedure, the samples were air-dried and collected for further study.  

The protocol for spin coating of biopolymers includes three main procedures: (i) 

substrate cleaning, (ii) biopolymer solution preparation, and (iii) spin coating. Firstly, the 

Figure 20: Summary of in-vitro studies used in this thesis to access biocompatibility and anti-biofilm 

properties. 
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mirror-polished Ti-BMG disks (substrates) were cleaned before spin coating. Ti-BMG disks 

were loaded into a homemade cleaning rack where the disks were placed vertically. The 

cleaning rack with Ti-BMG disks was immersed in dilute detergent solution (1% universal 

detergent solution), and ultrasonic cleaning was applied for 15 minutes. Afterward, the cleaning 

rack with Ti-BMG disks was rinsed with deionized water and then immersed in deionized 

water, and ultrasonic cleaning was applied for 5 minutes. The deionized water was changed, 

and then ultrasonic cleaning was applied for another 5 minutes, repeated thrice. Finally, the 

cleaning rack with Ti-BMG disks was immersed in acetone and 2-isopropanol for ultrasonic 

cleaning for 15 minutes each. The cleaned Ti-BMG disks were dried in air and collected for 

use. 

For biopolymer solution preparation, PDLLA-PEG polymer granules were dissolved in 

chloroform to prepare PDLLA-PEG coating solution with 5% (w/v) and 7.5% (w/v). A final 

check occurred before the spin coating procedure to ensure that (i) substrates were clean without 

visible particles and (ii) polymers were fully dissolved into the solution.  

 

The coated sample is shown in Figure 21(a). It is worth noting that the difference in the 

color of the coating implied the different coating thickness. The coating thickness was evaluated 

via step height measurements on CLSM images taken from the regions where part of the coating 

was scratched to the substrate, as displayed in Figure 21(b). The results for coating thickness 

are summarized in Table 4. A coating thickness between 100 nm and 250 nm is targeted for the 

hard tissue implant application. Hence, the coating parameter with 10000 rpm rotation speed 

and 7.5% w/v solution concentration was chosen for further examination.     

 Thickness (nm) 

Conc. 2000 rpm 4000 rpm 6000 rpm 8000 rpm 10000 rpm 

7.5% w/v ≈ 300 ~ 400 ≈ 300 ~ 360 ≈ 180 ~ 300 ≈ 150 ~ 300 ≈ 130 ~ 200 

5.0% w/v ≈ 130 ~ 220 ≈ 150 ~ 230 ≈ 70 ~ 220 ≈ 60 ~ 160 ≈ 20 ~ 100  

Figure 21: Spin coating of PDLLA-PEG on Ti-BMG disks: (a) A photo of coatings with different 

parameters. (B) Step height measurement from CLSM images for coating thickness. 

Table 3: The thickness of PDLLA-PEG coating regarding rotation speed (rpm) and solution 

concentration (% w/v).  
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5 Discussion and Summary of Scientific Contributions 

5.1 Thermoplastic Forming of Ti-BMGs with Nanocrystallization 

As mentioned in section 3.1, BMG communities believed that the processing window 

of TPF is defined by the TTT curves of the material, and it was crucial to avoid intersecting the 

nose-shaped crystallization curves during the whole TPF process. The main concerns about the 

crystallization during TPF are (i) loss of the deformability and (ii) loss of the mechanical 

properties of BMGs. Publication I and Publication II tackle both concerns step by step in the 

following sections. 

5.1.1 TPF Can Shape and Pattern BMGs Even with Nanocrystallization 

Publication I re-considered the belief that BMGs can not be deformed and patterned 

once the materials are crystallized and applied the proposed TPF strategy on 

Ti40Zr10Cu34Pd14Sn2 BMG to shape a rod into a disk and create patterns from macro- to micro-

scale.[21] Standing on the results of Publication I, Publication II advances the TPF technique 

to the nano-scale and a hierarchical structure integrating micro- and nano-patterns on the same 

surface, and this is the first time nano-patterns and hierarchical structures are achieved on Ni-

free Ti-based BMGs.[35] The following are key contributions: 

 Even when the Ti40Zr10Cu34Pd14Sn2 BMG is annealed quite near to Tg, the first 

nanocrystalline phase tends to form within short periods of time.[21] For example, 

the isothermal DSC analysis proved that the first phase crystallization happens in 

less than 10 minutes, even at 23 °C above Tg (Figure 22(a)).[21] 

 In this case, as illustrated in Figure 22(b), the conventional TPF process route (P2) 

would operate for a short time and slightly above the Tg to avoid intersecting the 

crystallization curve in the TTT diagram. Publication I proposed a strategy (P3) for 

TPF of Ti40Zr10Cu34Pd14Sn2 BMG, accepting that nanocrystals will form but making 

use of the lower viscosity of the supercooled liquid when operating at higher 

temperatures above Tg.[21] 

 Following this strategy, the Ti40Zr10Cu34Pd14Sn2 BMG rod can be deformed to a thin 

disk with only 18% of its initial height. Moreover, surface patterns with scales from 

300 µm down to 400 nm are successfully imprinted on BMG disks (Figure 

22(c)).[21,35] 

 In Publication II, the strategy of allowing nanocrystallization is developed into a 

two-step TPF process to create a hierarchical structure integrating 400 nm HCP 

protrusions on 2.5 µm square protuberances (Figure 22(c-d)).[35] 

 The isochronous DSC analysis proved the nanocrystal formation in TPF-processed 

samples through a weaker or missing first exothermic peak.[35] 



Fei-Fan Cai Discussion and Summary of Scientific Contributions 

35 

 

 

The results above indicate that BMGs can still be shaped and patterned via TPF, even 

with the formation of nanocrystals during the initial crystallization event.[21,35] Moreover, the 

processing temperature can be near to Tx to make use of the lower viscosity of the amorphous 

matrix to deform and pattern the material.[21] Publication I and Publication II reveal the 

Figure 22: TPF of Ti40Zr10Cu34Pd14Sn2 BMG with nanocrystallization: (a) Isothermal DSC curves at 

various temperatures.[21] (b) Schematic TTT diagram illustrating the conventional TPF process route 

(P2) and the proposed strategy (P3).[21] (c) TPF processed Ti40Zr10Cu34Pd14Sn2 BMG from macro- to 

nano-scales. Adapted from [21,35]. (d) The two-step TPF process to create hierarchical structures.[35] 
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prospect of utilizing the TPF process for a wide range of mediocre glass forming systems and 

semi-crystalline composites into surface-enhanced functional materials.[21,35] 

 

5.1.2 Crystallization Tolerance in Ti40Zr10Cu34Pd14Sn2 BMG for Mechanical Properties 

When BMGs are annealed at high temperatures like TPF, their amorphous structures 

tend to re-arrange in the manner of relaxation and crystallization. Both relaxation and 

crystallization are known to influence the mechanical properties of BMGs and can be quantified 

by DSC analysis.[35]  In Publication I, it is discovered that after the TPF process with 

nanocrystallization to the degree that the first exothermic peak fully vanished in the DSC curve, 

the Vickers hardness (HV1) increases by 6% compared with the as-cast sample (621 HV vs. 

584 HV).[21]  Based on this outcome, the next questions are whether it is possible to control 

the degree of nanocrystallization during TPF and to which extent of crystallization BMGs start 

to lose their beneficial mechanical properties, such as low Young’s modulus, for implant 

applications. Therefore, Publication II includes a detailed analysis of the relationships among 

mechanical properties, glassy states, and temperature histories from the TPF process, as 

displayed in Figure 23.[35]  

 

Figure 23: In-depth study for the correlation of Ti40Zr10Cu34Pd14Sn2 BMG disks from thermal histories 

of the TPF process to their glassy states and mechanical properties: (a) DSC curves from constant-rate 

heating (20 °C/min) measurements. (b) Microhardness. (c) Shear modulus. (d) Bulk modulus. (e) 

Young’s modulus. (f) Poisson’s ratio. Note that the measured bulk and shear moduli were used to 

calculate Poisson's ratio and Young's modulus. Adapted from [35]. 
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 “As Cast” and “Crystalline” represent two extreme structural states, where “As Cast” 

has a fully amorphous state without thermo-processing, and “Crystalline” is the same material 

annealed to a fully crystallized structure.[35] “410°C_10M” refers to the TPF process at 410°C 

for 10 min, which is applied to imprint micro- or nano-patterns. “418 °C_4M +410 °C_10M” 

stands for the two-step TPF process to create a two-tier hierarchical structure. In the first step, 

the material is imprinted with a nano-pattern at 418 °C for 4 min, and in the second step, the 

micro-pattern is superposed at 410 °C for 10 min.[35] “410 °C_10M +374 °C_6H” is based on 

a diffusion-based nanomolding technique inspired by Liu et al. to produce nanorods smaller 

than 100 nm diameter on crystalline metals.[180] The concept is to imprint the nano-protrusion 

at 410 °C for 10 min via the TPF and then lower the temperature to 374 °C for 6 hr while 

maintaining constant pressure.[35] “440 °C_4M” is the TPF setting used in Publication I, 

allowing nanocrystal formation during the TPF.[21,35] The main findings are summarized 

below: 

(i) Depending on the exothermic peaks from DSC curves (Figure 23(a)), the studied TPF 

conditions can be split into three classes.[35]  

 Class I contains the samples (“As Cast”, “410°C_10M”, and “418 °C_4M +410 

°C_10M”) that still show the first exothermic peaks around 450°C.[35]  

 Class II is for those (“410 °C_10M +374 °C_6H” and “440 °C_4M”) whose first 

exothermic peaks vanished.[35]  

 Class III is “Crystalline”, where all three peaks for crystallization events have 

disappeared.[35] 

(ii) According to the Vickers hardness (Figure 23(b)), elastic constants (shear and bulk 

moduli) determined via RUS (Figure 23(c-d)), and Young’s modulus and Poisson’s 

ratio calculated from elastic constants (Figure 23(e-f)), the changes in mechanical 

properties follow the three-class category introduced above for the DSC curves.[35] 

 Class I: The treated BMGs retain mechanical properties similar to their as-cast 

condition.[35]  

 Class II: Changes in mechanical properties are expected, including increased 

hardness, increased Young's modulus, and decreased Poisson's ratio.[35]  

 Class III: Once the BMGs are fully crystallized, the hardness and Young’s modulus 

increase substantially.[35] 

(iii) The micro-, nano-patterned, and even the hierarchically structured Ti40Zr10Cu34Pd14Sn2 

BMG disks fabricated in Publication II maintain favorable mechanical properties from 

as-cast materials.[35] 

Based on DSC analysis, the relationship between structural and mechanical properties, 

including Young’s modulus and hardness, is categorized into three classes.[35] This 

categorization system from DSC analysis can be a valuable tool for determining the limitations 

of thermal processing in applications where mechanical properties are taken into account.[35] 
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Most importantly, earlier research on the TPF processed BMGs asserted that crystallization 

must be avoided to retain their mechanical properties.[3,19,130] Our discovery suggests 

Ti40Zr10Cu34Pd14Sn2 BMGs possess crystallization tolerance to TPF, and slight crystallization 

is allowed before losing their mechanical properties.[35] The discovery opens the opportunity 

of implementing the TPF process for a wide range of mediocre glass forming systems and semi-

crystalline composites into functional materials without sacrificing their favorable mechanical 

properties. 

 

5.2 Patterned Ti-BMGs for Biomedical Applications 

Two potential biomedical applications of TPF patterned Ti40Zr10Cu34Pd14Sn2 BMG are 

suggested in Publication II: (i) Dental or orthopedic tissue implants and (ii) a toolbox for 

studying cell response on rigid and ordered surfaces.[35] Regarding these two applications, the 

following sections will summarize key findings from the in-vitro studies in Publication II. The 

in-vitro studies were conducted by culturing Saos-2 cell lines on four different surface 

topographies of Ti40Zr10Cu34Pd14Sn2 BMGs. These four surface topographies include: (i) Flat 

(mirror-polished), (ii) Micro-pattern (2.5 μm square protuberances), (iii) Nano-pattern (400 nm 

HCP protrusions), (iv) Hierarchical-pattern (400 nm HCP protrusions on 2.5 μm square 

protuberances). 

5.2.1 Biocompatibility of Ti40Zr10Cu34Pd14Sn2 BMGs for Hard Tissue Implants 

Cell proliferation and viability are reliable indicators of an implant material's 

biocompatibility. Saos-2 cell proliferation on four different surfaces of Ti40Zr10Cu34Pd14Sn2 

BMG was accessed via the Alamar Blue assay on days 1, 3, and 7, as shown in Figure 24(a).[35] 

On days 3 and 7, the metabolic activity data were compared across various surface topographies 

after being normalized with respect to the value of day 1. 

 The four surface topographies do not appear to have any substantial effects at any 

time point.[35]  

Cell viability was accessed based on the live/dead images of Saos-2 cells on day 3, and 

the representative images were chosen and displayed in Figure 24(b). Figure 24(c-d) shows the 

quantified results such as percentage and number of live cells.[35] 

 All four surface topographies of Ti-BMG have a cell viability higher than 90%, and 

the cell viability is even above 96% on Ti-BMG.Flat.[35] 

 The number of living cells does not significantly differ amongst the four surface 

topographies.[35]  

 Regarding cell spatial distribution in the live/dead images, Saos-2 cells on a flat 

surface cluster together to form colonies in some regions and leave empty spaces in 

others, while Saos-2 cells on the hierarchical-patterned surface disperse throughout 

the entire surface with fewer cells in close contact.[35] 
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In this study, all four Ti40Zr10Cu34Pd14Sn2 BMG disks have very high biocompatibility, 

and the surface patterns do not deteriorate their biocompatibility.[35] When it comes to implant 

applications, numerous studies show that micro- and nano-scale topographies can improve the 

antibiofilm properties of the material by reducing bacteria adhesion.[107,143] Therefore, more 

studies to investigate the antibiofilm properties of these patterned surfaces are essential for 

hard-tissue implant applications. 

 

 

5.2.2 TPF-Patterned Ti-BMGs as a Toolbox for Studying Cell-Surface Interaction 

From a biomedical science perspective, the surface morphology of the implants 

influences osseointegration and anti-biofilm properties.[35,40,132–134] Saos-2 cell 

morphology and cell adhesion on the four surface topographies were examined using SEM and 

CLSM after three days of culture, as shown in Figure 25.[35] The following are key findings 

from the observation of SEM (Figure 25(a)) and CLSM images (Figure 25(b)):  

Figure 24: Biocompatibility of Ti40Zr10Cu34Pd14Sn2 BMG with four different surface topographies: (a) 

Saos-2 cell proliferation at days 1, 3, and 7. (b) Fluorescence images of live/dead assay at day 3 (live 

cells stain green and dead cells stain red). (c) Cell viability and (d) number of live cells at day 3 by 

live/dead assay. Adapted from [35]. 
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 Cells spread well on all tested surfaces, and several dividing cells were 

observed.[35] 

 Filopodia connect multiple cells to each other, and filopodia longer than 20 μm are 

observed on the surface of Ti-BMG.Micro and Ti-BMG.Hierarchical.[35] These 

filopodia cross over the micro protuberances rather than going around them.[35]  

 Some cells develop filopodia parallel to each other, matching the direction of the 

micro-pattern.[35] 

 Compared to patterned surfaces, cells on flat surfaces are closer to one another and 

have polygonal shapes with larger areas.[35] Actin stress fibers are apparent on all 

four surfaces, while flat surfaces have the clearest and most prolonged ones.[35] 

 On the three patterned surfaces, the cells are less homogeneously spread, with some 

having star-shaped or dendritic morphologies and others having rounded 

shapes.[35] 

 

Figure 25: Morphological analysis of Saos-2 cells at day 3: (a) SEM images for cell morphology. (b) 

DAPI/phalloidin staining images for cell adhesion. (c-d) Quantitative morphometric analysis from 

DAPI/phalloidin staining images, where (c) area and (d) eccentricity, form factor, and solidity were 

analyzed from the nuclei and cytoskeleton of each cell. Adapted from [35]. 
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A quantitative analysis was performed on the CLSM images from DAPI/phalloidin 

staining.[35] Figure 25(c) presents the areas of the cytoskeleton and nucleus of each cell on the 

surfaces. Figure 25(d) examines three morphometric parameters to describe cell morphologies: 

eccentricity, form factor, and solidity.[35]  The values of these parameters range from 0 to 1.    

 Patterned surfaces have much smaller cytoskeleton areas compared to the flat 

surface, while only nano- and hierarchical-patterned surfaces considerably reduce 

the nucleus area.[35]  

 Nano- and hierarchical-patterned surfaces have significantly increased cytoskeleton 

form factors.[35] However, all surfaces have cytoskeleton form factors less than 0.6, 

indicating that cells spread with several protrusions.[35] 

 The nuclear form factor has an inverted trend compared to the cytoskeleton form 

factor, where the flat surface has the highest value, and the hierarchically patterned 

one has the lowest.[35] This suggests that the nanofeatures give the nucleus a ridged 

shape, and the impact can be further enhanced when the micro-feature is present.[35] 

 The nuclei are more elongated on the flat surface compared to the hierarchical-

patterned surface, indicated by a significantly lower nuclear eccentricity on the 

hierarchical-patterned surface compared to the flat surface.[35]  

Generally, patterned surfaces are observed to promote the formation of longer filopodia 

on the edge of the cytoskeleton, leading to star-shaped and dendritic cell morphologies.[35,140] 

The micro-pattern alone does not ridge the nucleus, but the nano-pattern does. However, when 

combined with the nano-pattern, the micro-pattern creates a more irregular nuclear shape on 

the hierarchical-patterned surface.[35] The role of surface topography on protein absorption 

and subsequent cell response needs to be further elucidated.[35]  

Currently, most patterns with high degrees of order are created on polymeric substrates, 

with fewer studies investigating cell responses on rigid- and ordered-patterned surfaces.[134] 

Obtaining hierarchical topography on Ti-alloys is mainly hampered by uncontrollable 

roughness, as most investigations use chemical and laser-based methods. When the random 

roughness is compared to the well-defined dimensions of surface topography, it becomes easier 

to identify and measure the influence of a particular surface feature on a given cell 

response.[35,58] TPF-patterned Ti-BMGs provide a viable platform to research cell behavior 

on stiff and ordered surfaces because they permit a high degree of order and design freedom in 

the surface topography.[35] 

 

5.3 Patterned Pt-BMGs as Catalysts for Hydrogen Evolution Reactions 

Given the high surface area created during the TPF, the electrocatalytic performance of 

Pt57.5Cu14.7Ni5.3P22.5 BMGs for HER (in 0.5 M H2SO4 electrolyte) is explored.[153] 
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Pt57.5Cu14.7Ni5.3P22.5 BMGs with three surface topographies are created by TPF, as shown in 

Figure 26(a).[153] These three surface topographies include: (i) Flat (mirror-polished), (ii) 

Micro-pattern (micro-rods with 2.5 µm diameter, 4.2 µm inter-rod distance, and 1.7 µm gap 

between each rod), (iii) Nano-pattern (nano-rods with 90 nm diameter, 125 nm inter-rod 

distance, and 35 nm gap between each rod).[153] 

 

 

5.3.1 Influence of Surface Topographies on Electrocatalytic Performance 

LSV cycles (with potentials starting from ‒1.2 V to 0.3 V at a scan rate of 0.005 V s‒1 

with a shift in onset potential of 0.4 V until ‒0.2 V) were conducted to investigate the 

electrochemical hydrogen evolution kinetics of flat, micro-patterned, and nano-patterned Pt-

BMG samples, as shown in Figure 26(b).[153] These LSV curves were then used to calculate 

the Tafel slope values, as Figure 26(c) revealed. In order to study the electrocatalytic stability 

and the self-improvement characteristics of flat, micro-patterned, and nano-patterned Pt-BMGs 

for HER, stability tests for 200 LSV cycles (with samples positioned horizontally) were 

performed, as displayed in Figure 26(d).[153]  

Generally, the lower absolute overpotential |E| and lower Tafel slope value are 

beneficial for HER electrocatalysts.[116,181] Achieving a high current density through a lower 

Figure 26: The HER performance (in 0.5 M H2SO4 electrolyte) of TPF processed Pt57.5Cu14.7Ni5.3P22.5

BMGs with flat, micro-patterned, and nanopatterned surfaces: (a) SEM images at 50k magnification of 

samples before electrochemical measurements. (b-d) Results of electrochemical studies with (b) LSV

curves of the 1st cycle and (c) their corresponding Tafel curves. (d) Additional stability tests up to 200 

LSV cycles shows the trend of overpotential ɳ at J = 10 mA cm‒2. Adapted from [153]. 
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absolute overpotential confirms an acceleration of the hydrogen evolution reaction.[182,183] 

The following are the main findings in terms of HER performance for Pt-BMG catalysts with 

three different topographies:[153] 

 The absolute overpotential |E| required to achieve a current density of J = ‒10 mA 

cm‒2 (Figure 26(b)): Nano < Micro < Flat  

(0.30 V, 0.37 V, and 0.48 V, respectively) [153] 

 The Tafel slopes determined from the relatively straight region of the cathodic 

region (Figure 26(c)): Nano < Micro < Flat  

(67 ± 1 mV dec‒1, 86 ± 2 mV dec‒1, 145 ± 2 mV dec‒1, respectively) [153] 

 The electrocatalytic stability and the self-improvement behavior after 200 LSV 

cycles (Figure 26(d)): Nano > Micro > Flat 

(The absolute overpotential for J = ‒10 mA cm‒2 was reduced by 8% in nano-

patterned samples yet increased by 19% for the micro-patterned samples and 41% 

for the flat samples.) [153] 

As a result, nano-patterned Pt-BMG demonstrates superior performance as HER 

electrocatalysts compared to their flat and micro-patterned counterparts, exhibiting lower 

absolute overpotential, smaller Tafel slope value, and self-improvement behavior in long-term 

operation.[153] 

 

5.3.2 Stability Test of 1000 LSV Cycles for Nano-patterned Pt-BMG 

In the previous section, the nano-patterned Pt-BMG shows better electrocatalytic 

performance for HER than the flat and micro-patterned Pt-BMGs.[153] Hence, a stability test 

for 1000 LSV cycles (with potentials between ‒0.8 V and 0.2 V at a scan rate of 0.02 V s‒1) 

was conducted with the nano-patterned Pt-BMG, as shown in Figure 27(a).[153] The LSV 

curves of the 1st and 1000th cycles were then used to calculate the Tafel slope values, as 

displayed in Figure 27(b). The key findings are the following:[153] 

 A slight increase in absolute overpotential |E| for J = ‒10 mA cm‒2 until 50 LSV 

cycles are observed. After the 50th LSV cycle, the absolute overpotential |E| for J = 

‒10 mA cm‒2 starts to decrease, and from the 500th cycle, the absolute overpotential 

|E| for J = ‒10 mA cm‒2 is even lower than 0.26 V of the 1st cycle (Figure 

27(a)).[153] 

 The absolute overpotential |E| for J = ‒10 mA cm‒2 decreases further to 0.15 V at 

the 1000th cycle (Figure 27(a)).[153] 

 The Tafel slopes decrease from 67 ± 1 mV dec−1 at the 1st LSV cycle to 42 ± 1 mV 

dec−1 at the 1000th LSV cycles (Figure 27(b)).[153] 
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Therefore, the stability test highlights the self-improvement behavior of the nano-

patterned Pt-BMG catalyst for electrocatalytic performance after 1000 LSV cycles.[153] 

 

Multiple complementary methods were used to characterize the surfaces of the nano-

patterned samples after 1 and 1000 LSV cycles to understand the reason for the improved 

electrocatalytic properties, as demonstrated in Figure 27(c-f).[153] SEM image analysis of the 

nano-patterned Pt-BMG shows that the surface topography changes dramatically after the 

stability test, as shown in Figure 27(c-d):[153] 

Figure 27:  The stability test of the nano-patterned Pt57.5Cu14.7Ni5.3P22.5 BMG for 1000 LSV cycles (in 

0.5 M H2SO4 electrolyte): (a-b) Results of electrochemical studies with (a) LSV curves and (b) Tafel 

curves. (c-d) SEM images at 100k magnification with (c) top views showing the alternation of surface 

topographies after the stability test and (d) the cross-section view revealing a new layer formed on top 

of the nano-pattern. (e-f) XPS analysis of (a) Pt4f and (b) Cu2p. Adapted from [153]. 
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 The top views of the SEM images (Figure 27(c)) reveal that the surface topography 

of Pt-BMG nanorods is replaced by a porous CuO/Cu2O foam.[153] 

 The cross-section view of the SEM image (Figure 27(d)) indicates that a layer of 

CuO/Cu2O foam (about 1 µm thick) was deposited on top of the Pt-BMG 

nanorods.[153] 

 Three topographies were observed for the deposited CuO/Cu2O foam: (1) Smooth 

island-like CuO, (2) dandelion-like CuO, and (3) CuO nanosheets.[153] 

X-ray photoelectron spectroscopy (XPS) is a technique that enables the analysis of the 

elemental chemical states on the material surface, as illustrated in Figure 27(e-f):[153]  

 The Pt4f spectra (Figure 27(e)) indicate that the Pt in the Pt-BMG after 1 LSV cycle 

is in a metallic state, and almost no Pt signal can be detected for the Pt-BMG after 

1000 LSV cycles.[153]  

 The Cu2p spectra (Figure 27(f)) of both 1- and 1000-cycle samples show prominent 

signals that are associated with Cu-metal/Cu2O (at ∼932 and ∼952 eV) and CuO (at 

∼934 and ∼954 eV).[153] The sample after 1000 LSV cycles shows substantial 

satellite peaks in the Cu2p spectrum, indicating a mixture of CuO and Cu2O.[153] 

 No Ni and P signals are found on the surface of the Pt-BMGs after both 1 and 1000 

LSV cycles.[153] 

The results of the EIS, XPS, AES, SEM, and EDX analyses combined show that after 

1000 LSV cycles, a new CuxO layer developed on top of the Pt-BMG nanorods.[153] A three-

step mechanism has been proposed to explain the formation of a porous CuxO layer on the 

nano-patterned Pt-BMG during LSV cycles.[153] The steps are as follows:  

1. In the low overpotential section of LSV scans, Cu electro-dissolution from the nano-

patterned Pt57.5Cu14.7Ni5.3P22.5 BMG occurs under cathodic polarization conditions, 

supplying a source of Cu ions at the surface–electrolyte contact.[153] 

2. During the high overpotential part of LSV scans, the dissolved Cu2+
(aq) ions are re-

deposited in metallic form on the electrode (Cu2+
(aq) + 2e‒ → Cu(s)), and the evolving 

hydrogen bubbles serve as a template for material deposition.[153] 

3. Oxidation of the re-deposited Cu to CuxO during the low overpotential section of the 

LSV cycle.[153] 

This work presents a method for fabricating CuxO foams using patterned BMGs, which 

could be employed in a variety of applications, such as gas sensing, supercapacitor, 

photocatalytic, and antibacterial applications.[184–187] Furthermore, the nano-patterning of 

BMGs with DHBT deposition provides a viable approach for the synthesis of metal or metal-

oxide foams.[153] For instance, the proposed three-step process can be implemented to create 

CuxO foams from any nano-patternable BMG systems containing Cu and another element with 

a higher dissolution potential than Cu.[153] Therefore, future research could explore using more 
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cost-effective BMG systems with high fragility to replace noble-based BMGs and lower 

production costs.[153] Lastly, beyond HER, the synergy of metallic glasses, thermoplastic 

patterning, and dynamic bubble templating provides a feasible approach to fabricating 

metal/metal-oxide foams for various applications or as a strategy for self-improving 

catalysts.[153] 
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5.4 Unpublished Contributions 

5.4.1 Cell Response on PDLLA-PEG Coated Ti40Zr10Cu34Pd14Sn2 BMGs  

Saos-2 cell morphology on hierarchical-patterned Ti-BMG disks with and without 

PDLLA-PEG coating were examined using SEM after three days of culture, as demonstrated 

in Figure 28. SEM images show that Saos-2 cells were rounded up and failed to express cellular 

extensions when cultured on the PDLLA-PEG coated sample, implying weak cell adhesion on 

the coating surface (Figure 28(a, c)). On the contrary, for the reference without PDLLA-PEG 

coating, Saos-2 cells on the hierarchical-patterned Ti-BMG surface were flattened, which 

appeared well spread and with long cellular extensions, indicating good cell adhesion.   

 

The concept behind applying PDLLA-PEG coatings on the implant surfaces is to 

enhance the antifouling properties by forming a hydration layer against bacteria adhesion. The 

SEM images suggest that the hydration layer from the PDLLA-PEG coating might also hinder 

cell adhesion. However, the hindering effect on cell adhesion can be controlled by the 

degradation rate of the coating. Hence, deeper investigations are required on PDLLA-PEG 

coated Ti-BMG samples, such as co-culture assays including both human and bacterial cells, 

as well as studies for a more extended culturing period. The current result implies that the 

PDLLA-PEG coating can be used in applications where cell adhesion should be avoided, like 

removable implants. 

Figure 28: SEM imaging of cell morphology of Saos-2 cells at day 3 on hierarchical-patterned Ti-

BMGs with (a, c) and without (b, d) PDLLA-PEG coating at a magnification of 4000 times (a, b) and 

2000 times (c, d). 
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5.4.2 Staphylococcus Aureus on Ti40Zr10Cu34Pd14Sn2 BMGs  

Due to insufficient experimental repetitions, the antibacterial and anti-biofilm 

assessments shown in this section are preliminary results and may only be used as references. 

More in-depth investigations are required. Biofilm formation of Staphylococcus aureus (S. 

aureus) after 24 hours was evaluated via crystal violet assays to compare the antibacterial 

property of Cu disk (mirror-polished), Ti-6Al-4V disk (stock surface), and Ti-BMG disk 

(Ti40Zr10Cu34Pd14Sn2, mirror-polished), as shown in Figure 29(a). The crystal violet assay was 

conducted with three biological replicates (the same type of organism treated or grown in the 

same conditions showing biological variation), and each has two technical replicates (repeated 

measurements of a sample showing variation of the measuring equipment and protocols). This 

protocol used Cu disks as a negative control because Cu and its alloys are well-known for their 

antimicrobial properties.[188] Ti-6Al-4V disks (stock surface) are positive control since they 

are considered one of the best biocompatible metallic materials for implant applications.[166]  

 

It was found that Ti-BMG had less biofilm formation than Ti-6Al-4V alloy after 24 

hours (Figure 29(a)). However, Cu did not show good antimicrobial performance as the 

negative control in this protocol. The antimicrobial performance of Cu disks was compromised, 

presumably due to the high reactivity of Cu in the Lysogeny broth (culture medium), resulting 

in the heavy soiling on the disk surfaces, which substantially hindered bacterial-metal contact 

and reduced the contact killing of bacteria.[188,189] Therefore, in order to properly assess the 

antimicrobial of Ti40Zr10Cu34Pd14Sn2 BMG in future work, it is suggested that: (i) All tested 

samples are polished to the same level of roughness to eliminate potential influence from the 

surface topography. (ii) The material selection for negative control should take into account the 

protocol and testing environments. 

Figure 29: (a) Comparison of biofilm formation of Staphylococcus aureus (S. aureus) after 24 hours of 

incubation on Cu, Ti-6Al-4V, and Ti-BMG disks. (b) AFM scanning of S. aureus bacterial adhesion on 

Ti-BMGs with flat and patterned surfaces. The patterned Ti-BMG has ordered square protuberances 

with a height of ≈ 1.6 µm and 5 µm in length and width. 
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Figure 29(b) displays AFM images of Staphylococcus aureus (S. aureus) bacterial 

adhesion on Ti40Zr10Cu34Pd14Sn2 BMGs with flat and patterned surfaces. In order to remove 

salt contents that might cause artifacts for AFM scanning from bacterial broth, the bacterial 

broth underwent a washing procedure in which it was mildly centrifuged, collected, and re-

suspended in de-ionized water. This procedure was repeated five times to acquire a bacteria 

suspension before it was dispensed on the samples. The samples were then dried in air in the 

hood. Since the bacteria suspension was dried in the air without further incubation right after 

being dispensed on the samples, the presented AFM images represent the putative initial 

attachment of bacteria during biofilm formation. When seeded on the patterned Ti-BMG, 

Staphylococcus aureus (S. aureus) bacteria appear to adhere to the edges of the humps. 

However, the role played by evaporation in the location still needs to be further elucidated. 

 

Figure 30: Biofilm formation of S. aureus on patterned Ti-BMGs after 24 hours of incubation: (a) SEM 

images of test samples.(b) Representative biofilm images from fluorescent CLSM. Viable bacteria are 

labeled in green, while dead bacteria are marked red. (c)(d) Results of quantitative image analysis of 

CLSM images (b) via BiofilmQ software. (c) Biofilm volume. (d) Biofilm height. 
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The biofilm formation of S. aureus after 24 hours of incubation on Ti40Zr10Cu34Pd14Sn2 

BMGs with three different pattern designs (5 µm square protuberance, 400 nm protrusions, and 

250 nm ridges) is revealed in Figure 30. The SEM images of the three tested pattern designs 

are shown in Figure 30(a). After 24 hours of incubation, five fluorescent CLSM images are 

taken for each sample, and the representative images are shown in Figure 30(b). By simply 

observing these CLSM images (qualitative analysis), it is clear that the 400 nm pattern exhibits 

the most biofilm formation, followed by the 250 nm pattern, while the 5 nm pattern has the 

least biofilm formation. To further quantify the biofilm formation, the biofilm images are 

analyzed with BiofilmQ software via threshold-based 3D segmentation. The evaluated biofilm 

volume and biofilm height of viable and dead bacteria are illustrated in Figure 30 (c) and (d), 

respectively. Differences were considered as statistically significant for p-values <0.05 

(denoted by: *p <0.05; **p <0.01; ***p <0.001). The results of biofilm volume are consistent 

with qualitative analysis. It is worth noting that even the 400 nm pattern has less biofilm 

formation than most metallic substrates. However, it is crucial to repeat these experiments with 

sufficient technical and biological replicas to conclude the antibiofilm properties of patterned 

Ti-BMGs. 

 

5.4.3 Hedgehog-like Hierarchical Structure on Pd-BMGs  

In order to explore the capability of the two-step TPF process, Pd43Cu27Ni10P20 BMG 

was chosen for the preliminary experiments. Pd43Cu27Ni10P20 BMG has a much lower viscosity, 

high fragility, and a larger supercooled liquid region (SCLR) than Ti-BMGs, as shown in Table 

5. Furthermore, the Pd43Cu27Ni10P20 BMG has a significant noble metal content, conferring a 

higher intrinsic resistance to oxidation than Ti-BMGs. Hence, Pd43Cu27Ni10P20 BMG is much 

easier to process with TPF than the targeted Ti-BMG. The detailed TPF processing parameters 

are summarized in section 4.3.3. 

Materials SCLR: 
ΔT (K) 

Liquid fragility index: 
m 

Formability parameter 
S =( Tx ‒ Tg)/(Tl ‒ Tg) 

Pd43Cu27Ni10P20 101 65.2 0.406 
Ti40Zr10Cu34Pd14Ga2 46 40.3 0.086 

The results are demonstrated in Figure 31 with SEM images of nano-patterned, micro-

patterned, and hierarchical-structured surfaces. The nano-pattern (Figure 31(a)) features 

nanorods with 40 nm in diameter and around 100 nm in height. The micro-pattern (Figure 31(b)) 

has ordered square protuberances with 1 μm in length and around 0.6 μm in height. The 

hierarchical structure (Figure 31(c-d)) puts together the topographies of micro-pattern and 

nano-pattern, which look like an array of hedgehogs.  

A two-stage TPF technique is used to build the hierarchical structure. In the first step, 

the nano-pattern (Figure 31(a)) is imprinted, and in the second step, the micro-pattern (Figure 

Table 4: A comparison of both types of BMGs in terms of the formability criteria.[1]    



Fei-Fan Cai Discussion and Summary of Scientific Contributions 

51 

31(b)) is generated and superposed on the nano-pattern. Therefore, each “hedgehog” has 1 μm 

square protuberance as its body and 40 nm diameter nanorods as its spikes (or quills) on its 

body, leading to a total height of around 0.5 μm. For the hierarchical structure, the aspect ratio 

of the nanorods was controlled between 2 and 5 at the first TPF step to prevent the nanorods 

from forming bundles but still protruding enough after the second TPF step. 

It is worth noting that nanorods are everywhere on the surface of the hierarchical 

structure, both on the square protuberances, which are the free spaces from the Si mold during 

the second step TPF, and flat regions where the Si mold presses them during the second step 

TPF. In order to further inspect if there is a difference in height for the nanorods on the square 

protuberances (free space) and flat regions (compressed by Si mold), an AFM image is taken, 

as demonstrated in Figure 31(e). A topography profile extracted from the AFM image (Figure 

31(f)) reveals that the nanorods have heights around 100 nm on the square protuberances (free 

space) and around 50 nm on the flat region (compressed by Si mold). Artifacts from AFM, such 

as lateral broadening and edge rounding, need to be considered when getting the topography of 

nanorods, especially when nanorods are not aligned to the z-direction. Nevertheless, the AFM 

image demonstrates that in the area that came into contact with Si mold during the second TPF 

stage, the nanorods were compressed by around 50%. 

 

The preliminary experiments of TPF with Pd43Cu27Ni10P20 BMGs are quite promising, 

and these experiences served as stepping stones for Publication II, in which the two-step TPF 

Figure 31: TPF patterned Pd43Cu27Ni10P20 BMGs: (a-d) SEM images of (a) nanopattern with 40 nm 

diameter nanorods, (b) Micropattern of square protuberances with 1 µm length, and (c-d) Hedgehog-

like hierarchical structure integrating the nano- and micro-patterns on the same surface via a two-step 

TPF process. (e) AFM image of the hedgehog-like pattern. (f) Profile analysis from the AFM image (e).
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process is further developed to successfully create the hierarchical structure on Ti-BMGs. 

Moreover, when dissolving the Si mold in the KOH, it was found that the dissolved Si floating 

in the KOH tends to precipitate selectively on the nanorods on the square protuberances. This 

phenomenon hints at the possibility of enhancing the activity of functional materials by creating 

hierarchical structures using TPF. 

  



Fei-Fan Cai Conclusions and Outlook 

53 

6 Conclusions and Outlook  

The present thesis showcases that TPF is able to shape a Ti40Zr10Cu34Pd14Sn2 BMG rod 

into a thin disk with only 18% of its initial height and imprint surface patterns from 300 µm to 

400 nm.[21,35] A two-step TPF successfully created hierarchical structures integrating micro- 

and nano-patterns on Ti40Zr10Cu34Pd14Sn2 BMG while preserving the advantageous mechanical 

properties of the as-cast materials.[35] The relationships among glassy states, mechanical 

properties, and thermal histories from TPF were investigated.[35] Our discovery suggests a 

crystallization tolerance in Ti40Zr10Cu34Pd14Sn2 BMGs during TPF, allowing slight 

crystallization without losing the mechanical properties of BMGs.[35] This thesis demonstrates 

the opportunity to apply the TPF process for shaping and surface-patterning a wide range of 

mediocre glass-forming systems and semi-crystalline composites into functional materials 

without compromising their favorable mechanical properties.[21,35] 

 

One of the most prospective applications for Ti-BMGs is orthopedic and dental 

implants. The Ti40Zr10Cu34Pd14Sn2 BMGs used in the present thesis have been reported to have 

a critical diameter of about 12 mm.[172] This size is sufficient for small-size components in 

most dental applications, such as fixtures, screws, and abutments. Combined with the TPF 

technique, the processability and functionality of Ti-BMGs are greatly improved. For instance, 

instead of subtractive machining, TPF can be utilized to form the desired final shapes, and the 

Figure 32: Outlooks for thermoplastic forming in amorphous metals from process and product aspects.

Biological icons were created with BioRender.com.  
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pattern created via TPF can be optimized to improve implant grip and avoid loosening. 

Furthermore, most studies rely on chemical and laser-based approaches to achieve hierarchical 

topography on Ti-alloys, in which uncontrollable roughness is still a primary challenge. This 

thesis presents a feasible way to achieve Ti-alloys with well-defined hierarchical topography 

and limited roughness.[35] Most importantly, our TPF-patterned Ti-BMGs broaden the toolbox 

for researching cell responses on rigid and ordered surfaces.[35] 

The present thesis demonstrates the designability and versatility of TPF in BMGs, 

shedding light on meeting the need for functional materials in interdisciplinary applications. In 

Figure 32, several outlooks are proposed from process and product aspects. From the process 

aspect, could TPF be applied to consolidate MG ribbons into ‘‘bulk’’ MGs? From the product 

aspect, the patterned BMGs with rigid and ordered surfaces can serve as platforms to study how 

surface topography influences protein adsorption, cell-bacteria competition (via in vitro co-

culture systems), and stem cell differentiation. The above-mentioned outlook is merely a 

glimpse of potential works, and more possibilities have to be explored by scientists from 

multidisciplinary perspectives. 
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1. Introduction 

Ti-based bulk metallic glasses (Ti-BMGs) have recently become a popular research 

topic for biomedical applications. Since Ti-BMGs have an amorphous structure without grain 

boundaries like in crystalline materials, they exhibit favorable properties such as high corrosion 

resistance [1–3] and good biocompatibility [4–7]. Moreover, their high strength and low 

Young’s modulus are helpful for hard-tissue implant applications by alleviating the stress-

shielding effect when contacting bone tissues [1–3,8,9]. In addition to the advantages 

mentioned above, Ti-BMGs can be post-processed by thermoplastic net-shaping (TPN) thanks 

to their amorphous structure [8,10–13]. During the TPN process, Ti-BMGs are heated up into 

their supercooled liquid region (SCLR), while the process temperature Tp is kept between the 

glass transition temperature Tg and the onset of the (first) crystallization step Tx [8,10–13]. 

When heating up into the SCLR, the deformation behavior of BMGs changes from 

inhomogeneous deformation to homogenous (Newtonian) flow, and this kind of temperature-

dependent viscosity leading to viscous flow deformation can be utilized to deform the whole 

feedstock or create surface features [8,10–16]. 

Currently, Ni is often used in Ti-BMGs to improve the glass-forming ability (GFA) 

[3,17]. However, Ni is a toxic and carcinogenic element that would be detrimental to medical 

applications [18,19]. Hence, Ni-free Ti-based BMGs have gained interest due to their superior 

biocompatibility [1,2,8,9,20]. The Ti40Zr10Cu36Pd14 alloy has been highly explored recently 

since it shows good corrosion resistance in simulated body fluids, relatively higher strength and 

lower Young’s modulus than the Ti-6Al-4V alloy, thus showing big advantages for use as 

dental implant material [1,9,21,22]. However, the Ti40Zr10Cu36Pd14 BMG has a rather narrow 

SCLR and low fragility, which means that the viscosity reduction is too low (only roughly one 

order of magnitude) [8,14], and the material is very hard to deform. Furthermore, the time 

before crystallization sets in is quite short, leading to a short processing window because the 

BMG cannot be deformed once it is crystallized. Derived from the Ti40Zr10Cu36Pd14 alloy, the 

Ti40Zr10Cu34Pd14Sn2 alloy substitutes Cu with 2 at.% Sn [9,21,23,24]. By effectively controlling 

the nucleation of crystalline phases [9,21,24,25], Sn improves the GFA and enlarges the range 

of the SCLR before crystallization. Therefore, the Ti40Zr10Cu34Pd14Sn2 BMG has more potential 

for processing by the TPN technique than Ti40Zr10Cu36Pd14 [14]. 

The conventional thermoplastic net-shaping process is operated between Tg and Tx for 

a short time to avoid crystallization. Reports in the literature rely on the restrictive belief that 

bulk metallic glasses cannot be deformed and patterned once the materials are crystallized 

[10,13,14,26,27]. However, in this study, we demonstrate that if the first crystallization event 

is the formation of nanocrystals, the BMGs can still be deformed and patterned. Hence, this 

work explored the processing potential of Ti40Zr10Cu34Pd14Sn2 (at.%) BMG via compression-

based TPN. The first part of this study reports on its very large possible deformability from a 3 

mm diameter and 5.3 mm height rod shape to a 1 mm thin disk shape without crystallization, 
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proving the formability of Ti40Zr10Cu34Pd14Sn2 BMG by TPN processing. The second part 

reports on the successful macro-patterning of a 300 µm square-well array and micro-patterning 

of a 5 µm square-hump array on the Ti40Zr10Cu34Pd14Sn2 BMG surfaces. We found that micro-

patterning is still achievable even if the first crystallization occurs and nanocrystals are formed 

during the TPN process. This opens the possibility of applying TPN processing for the vast 

group of mediocre glass-forming systems into surface enhanced functional materials. 

2. Experimental methods  

2.1. Casting of Ti-BMG 

Master ingots with nominal composition Ti40Zr10Cu34Pd14Sn2 (at.%) were prepared 

from pure elements (purities: Ti: 99.995 %; Zr: 99.95 %; Cu 99.999 %; Pd 99.9 %; Sn: 99.99 

%) by arc-melting (Edmund Bühler GmbH). These ingots were heated five times above the 

liquidus temperature to ensure homogeneity. The master ingot was cast into a 3 mm diameter 

rod or a disk with 12 mm diameter and 2.5 mm thickness by copper mold suction casting. Both 

master ingot preparation and suction casting were conducted under a Ti-gettered Ar atmosphere 

in the same arc-melting machine. The as-cast disks were further cut to half the thickness using 

a Struers Accutom 50 device and then mirror-polished down to a thickness of about 1 mm to 

not only eliminate influences of possible surface crystallization and oxidation but also create 

parallel surfaces for further TPN processing. The amorphous structure was examined by X-ray 

diffraction (XRD) using a Bruker D2 Phaser with Co Kα radiation. In order to study the process 

window for the TPN process, BMG pieces of about 20 mg were characterized by differential 

scanning calorimetry (DSC) under an argon atmosphere in constant-rate heating and isothermal 

modes. The constant-rate heating mode experiments were done in a NETZSCH DSC 404C 

device using alumina crucibles and a heating rate of 20 °C/min. The isothermal mode 

experiments were performed in a Mettler Toledo DSC 3+ calorimeter with platinum crucibles 

at a 10 °C/min heating rate for the pre-heating step to eliminate possible overshooting of the 

signal. 

2.2. Thermoplastic Net-Shaping of Ti-BMG 

The basic setup of the TPN process in this work consisted of a compression test machine 

(Zwick Type 1382) with a homemade vacuum chamber, a vacuum pump, and a resistance 

heating sheath surrounding the chamber (Heraeus Type 19.519.000). The TPN process was 

carried out in the enclosed chamber under vacuum (4×10−4 mbar) conditions to minimize the 

influence of oxidation during the material flow (see Figure S1). The vacuum chamber was 

heated by the heating sheath to the desired processing temperature between 430 and 450 °C 

(average heating rate around 6.8 °C/min). Meanwhile, a preload of 1 kN was applied to the 

sample before the sample reached the processing temperature to avoid unwanted dynamic 

impact. Once the sample reached the processing temperature, the load was slowly increased to 

the maximum load of 10 kN (loading rate between 4.5 and 7.5 N/sec) and held for a specific 
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time. The process was monitored and recorded on a computer using the LabVIEW system 

design software with respect to force, temperature and displacement (see Figure S2).  

The deformability test was executed by compressing a 3 mm diameter and 5.3 mm 

height BMG rod under a constant load of 10 kN between 440 °C and 450 °C for 40 min. A 300 

µm square-well array (macro-patterning) and a 5 µm square-hump array (micro-patterning) 

were demonstrated with 12 mm diameter BMG disks with 1 mm thickness. The macro-patterns 

were created by compressing BMG disks with a W720 tool steel template (an array of 300 µm 

cubes). The micro-patterns were created by compressing BMG disks with a silicon template (5 

µm edge-sized square pores with 12 µm interpore distance, SmartMembranes GmbH). 

2.3. Characterization of Ti-BMG after TPN 

After the TPN process, the amorphous structure of samples was examined by XRD 

using a Bruker D2 Phaser with Co-Kα radiation (λ = 1.7902 Å). The three-dimensional 

topography of the generated patterns was observed via scanning electron microscopy (SEM‒

TESCAN MAGNA) and confocal laser scanning microscopy (CLSM‒Olympus LEXT 

OLS4100). From the CLSM images, the dimension of the patterns was evaluated by analyzing 

the profile line to extract the step heights. Three-dimensional topographic maps were 

reproduced using the Gwyddion 2.58 software. In order to study the influence of the TPN 

process on the atomic structure of the material, the samples were inspected by high-resolution 

transmission electron microscopy (HRTEM) and selected area electron diffraction (SAED) 

using a 200 kV field emission TEM (JEOL2100F). The static water contact angles were 

recorded and analyzed via the sessile drop method with a contact angle goniometer (Ossila 

L2004A1). The volume of water droplets was 2 µl, and the measurements were repeated at least 

four times. 

2.4. Hardness 

In order to compare the hardness of Ti40Zr10Cu34Pd14Sn2 BMG, disks from the as-cast 

state and after-TPN process were prepared. Vickers hardness tests were performed on a mirror-

polished as-cast BMG disk and the flat region of the micro-pattered BMG disk without 

polishing. The tests were conducted using a 9.8 N load (HV1) on a DuraScan 70 G5 universal 

laboratory hardness tester (EMCO-TEST Prüfmaschinen GmbH, Austria) following ISO 6507 

standard. Each measurement was repeated 25 times in a five-by-five array with 300 µm 

distance. 

2.5. Corrosion Resistance 

0.9 wt.% aqueous phosphate-buffered saline (PBS) solution with a pH of 7.4 was used 

for this study. The electrochemical measurements were conducted in a three-electrode glass cell 

at 37 °C using a Pt counter electrode (0.5 mm diameter) and a reference electrode of Ag(s) 

/AgCl(s) with 3 M NaCl electrolyte and ion permeable porous glass junction that has a redox 
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potential of +0.195 V (at room temperature) vs. standard hydrogen electrode. The submerged 

areas are 0.120 cm2 and 0.133 cm2 for the as-cast and after-TPN states, respectively. The 

electrochemical measurements were conducted with a Gamry Interface 1010 

Potentiostat/Galvanostat/ZRA. Before the electrochemical tests, open circuit potential was 

applied for 600 s to confirm the stabilization of the working electrode/electrolyte interface. 

Linear sweep voltammetry was implemented at a scan rate of 1 mV s1 in the forward direction 

(from minus to plus). The scan started from 0.3 V vs. OCP and stopped at +1.5 V vs. Ag/AgCl 

or when the current density reached 0.01 A cm2. Several scans were performed for each 

composition and electrolyte, and the best curves were selected. 

3. Results and discussion 

 

Composition Tg Tx1 Tx2 Tx3 ∆T Tm 

Ti40Zr10Cu34Pd14Sn2 394 ± 2 446 ± 2 525 ± 2 545 ± 2 49 ± 4 840 ± 2 
 

The processing window of the TPN technique was investigated by constant-rate heating 

and isothermal modes. The DSC curves from the isochronous measurements of the 

Ti40Zr10Cu34Pd14Sn2 BMG are shown in Fig. 1(a), and the characteristic temperatures are listed 

in Table 1. Above all, the green line proves the amorphous state of the as-cast samples, and the 

black line is the reference curve for the crystalline state. Notably, there are three exothermic 

peaks in the amorphous curves. These exothermic peaks represent the formation of crystalline 

phases. The evaluated onset Tg and crystallization enthalpy from constant-rate heating DSC 

curves is shown in Table S1. According to Zheng et al. [23], the first exothermic peak is due to 

Table 1: Characteristic temperatures of Ti40Zr10Cu34Pd14Sn2 BMG characterized from isochronous 

measurement:  

Figure 1: (a) Constant-rate heating (20 °C/min) and (b) isothermal DSC curves at different temperatures 

of Ti40Zr10Cu34Pd14Sn2 BMG. 
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the formation of α-(Ti/Zr), Pd3Ti, CuTi2, and Pd2Ti phases. The second one corresponds to the 

formation of the CuTi phase, and the third one is mainly for the Pd5Ti3 and CuTi2 phases. 

Furthermore, Calin et al. [9] suggested that the first crystallization event is related to the 

formation of a nanocrystalline α-(Ti/Zr) phase. Therefore, in Fig. 1(a), the DSC curves for 1 

hour of annealing at 430 °C (orange line) and 440 °C (red line) show that the first exothermic 

peak (at 446 °C) disappears. However, the second exothermic peak (at 525 °C) and the third 

exothermic peak (at 545 °C) are preserved. This result indicates that after 1-hour of annealing 

at 430 °C and 440 °C, only the first nanocrystalline phase α-(Ti/Zr) forms. The crystalline 

phases corresponding to the second and third crystallization peaks in the isochronous DSC 

curves, such as Cu-Ti, Cu-Zr, and Pd-Ti phases, do not occur. Likewise, the DSC curves from 

isothermal measurements of Ti40Zr10Cu34Pd14Sn2 BMG are displayed in Fig. 1(b), revealing 

that the first crystallization occurs within 10 min at 420 °C. Most importantly, even when 

annealed at 415 °C, i.e., about 21 °C above its Tg (394 ± 2 °C), the BMG still goes through the 

first crystallization process. Hence, the conclusion from the DSC measurements in both modes 

is that the first nanocrystalline phase is prone to form within short time windows, even when 

annealing very close to Tg. 

 

A schematic time-temperature-transformation (TTT) diagram illustrating the phase 

transformation is plotted in Fig. 2 to help develop feasible processing paths for TPN of the 

Ti40Zr10Cu34Pd14Sn2 BMG. In Fig. 2, the green crystallization nose represents the first 

nanocrystalline phase formation at Tx1 = 446 ± 2 °C (heating rate: 20 °C/min), and the red 

crystallization nose represents the second crystallization at Tx2 = 525 ± 2 °C (heating rate: 20 

°C/min). The viscosity-temperature relation is integrated into this TTT diagram as a blue axis 

Figure 2: Schematic time-temperature-transformation (TTT) diagram combined with viscosity-

temperature curve: (P1) Fast cooling to cast BMGs, (P2) Conventional TPN process path that avoids the 

first crystallization, (P3) The proposed TPN process path that goes through the first nanocrystalline 

formation. It is worth noting that (P3) has a longer processing time and lower viscosity than (P2). 
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and lines, referred to the characterization from Bera et al. [14] as in Figure S3. The blue-dashed 

line is the viscosity for an ideal amorphous structure where the viscosity decreases as 

temperature increases [12,27,28]. However, in the case of Ti40Zr10Cu34Pd14Sn2 BMG, the 

material forms nanocrystals in an amorphous matrix. The nanocrystals might facilitate further 

crystallization at higher temperatures by acting as heterogeneous nucleation sites. Thus, the 

actual viscosity should increase at higher temperatures, as schematically indicated by the solid 

blue line [29–32]. Path 1 (light blue) denotes fast cooling upon casting to bypass the first 

crystallization nose to form BMG. The conventional TPN process, labeled as path 2 (yellow), 

would be operated slightly above Tg and keeping the temperature only for a short time window 

(< 10 min) to avoid crystallization. This path leads to the high viscosity of the supercooled 

liquid and necessitates a very short processing time. This is impractical for shaping and 

patterning Ti40Zr10Cu34Pd14Sn2 BMG. However, there is a turning point. From the DSC 

analysis, the second crystalline phase (CuTi) does not form within 1 hr at 440 °C. Hence, we 

propose another strategy by passing through the first nano-crystallization nose and preventing 

touching of the second crystallization nose. This strategy is labeled as path 3 (red) in Fig. 2. By 

this strategy, the processing time window is extended to 1 hr. Furthermore, Tx2 (525 ± 2 °C) is 

about 80 °C higher than Tx1 (446 ± 2 °C), providing a wider temperature window for processing. 

If the processing temperature is increased from 415 °C (Tp2) to 440 °C (Tp3), the viscosity will 

drop from ηP2 to ηP3, as indicated by green arrows. The lower viscosity makes viscous flow 

deformation easier, and less force is required for the process. Considering the viscosity-

temperature dependence and the incubation time of isothermal crystallization, the possible TPN 

process window of Ti40Zr10Cu34Pd14Sn2 BMG is proposed as 1 hour annealing between 440 °C 

and 450 °C. 

To examine if the new strategy is feasible, a deformability test was conducted to 

demonstrate to which degree Ti40Zr10Cu34Pd14Sn2 BMG can be shaped in the supercooled liquid 

regime (SCLR). In this test, a 3 mm diameter rod with 5.32 mm height was shaped into a 7.5 

mm diameter disk with 0.96 mm thickness, as depicted in Fig. 3(a). The final thickness was 

only 18% of its original height. An indication of the viscous flow deformation is the barrel-

shaped edge in the inset photo of Fig. 3(a). It is noteworthy that the constant load of 10 kN 

corresponds to stress of 1.35 GPa for the 3 mm diameter rod in the beginning. However, as the 

rod was deformed into a disk shape, the effective stress at the end of the process was reduced 

to 215 MPa because of the increase in the loading area. Hence, even though the deformability 

test took place for 40 min, the displacement was observed to barely change after 35 min, which 

can be attributed to the insufficient stress to drive the deformation. The disk from the 

deformability test was analyzed by the isochronous measurement of DSC, as shown in Fig. 1(a). 

As expected, the first exothermic peak disappears, yet the second and third exothermic peaks 

are preserved. This finding reveals that only the first nanocrystalline phase α-(Ti/Zr) forms after 

the TPN process. The crystal phase for the second and third exothermic peaks in the isochronous 
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DSC curves, such as Cu-Ti, Cu-Zr, and Pd-Ti phases, do not form. The disk from the 

deformability test was further inspected by XRD analysis to characterize its microstructure. The 

result is represented in Fig. 3(b). The XRD patterns for the TPN disk and the as-cast rod are 

quite similar: there are no obvious crystalline peaks in the XRD patterns in both cases. 

However, small-volume fractions of nanocrystals and crystalline spherulites cannot be detected 

by XRD [2,33]. Therefore, the XRD pattern of the deformability test can only confirm that the 

amorphous structure was mainly retained and the overall crystallinity was low in the whole 

sample. The results of the deformability test show that Ti40Zr10Cu34Pd14Sn2 BMG can be formed 

into desired shapes for practical applications. Moreover, the low or almost negligible 

crystallinity of the samples after the TPN process reveals the potential to create patterns on the 

Ti-BMG in the following experiments.  

 

Figure 3: Deformability test (a-b) and macro-patterning (c-f) of Ti40Zr10Cu34Pd14Sn2 BMG: (a) Photos 

showing the dimensional change of the sample in the deformability test. (b) XRD analysis. (c) Photo of 

the patterned BMG disk (middle) and W720 tool steel template (right). (d) A close look at the patterned 

surface. Scale bar: 400 µm. (e) Remapped topography of the patterned surface. (f) XRD analysis. 
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To investigate whether the new strategy of intentional first-phase nano-crystallization 

for a wider processing window is also applicable to produce patterns of surface features, we 

compressed a Ti40Zr10Cu34Pd14Sn2 BMG disk together with a template with an array of 300 µm 

cubes during the TPN process (Fig. 3(c)). Macro-patterning of square wells was successfully 

realized on the surface of Ti40Zr10Cu34Pd14Sn2 BMG disks, as shown in Fig. 3(d). The 3-

dimensional topography of the pattern surface was re-mapped via CLSM characterization, as 

shown in Fig. 3(e). The profile lines of the topographic map confirm that the square wells have 

dimensions around 110 µm in depth and 300 µm in length. Hence, the aspect ratio is around 

0.37. The processing parameters for macro-molding were constant for loading 10 kN for 30 

min at a temperature between 440°C and 450 °C. The initial diameter of the disk was around 

12 mm, and the changes in the disk dimension were negligible. Therefore, the applied stress 

was evaluated to be constant ≈ 88 MPa. It is expected that if higher stress is applied, the 

processing time can be shortened, or the aspect ratio can be increased. 

Taking a closer look at Fig. 3(d) reveals that the color of convex grids turned blue while 

the color of the square wells was unchanged. The reason is that the square wells are the regions 

compressed by the template during the TPN process, thus, less prone to oxidization. In contrast, 

the convex grids are the free spaces during the process, forming a thicker passive oxide layer at 

the processing temperature (440 ~ 450 °C). Furthermore, the choice of molding material is 

critical because if an interfacial reaction occurs, it would make demolding without damaging 

the patterns more difficult. For instance, the patterned surfaces of BMG flaked off during 

demolding when the template was made of S255 steel. W720 tool steel proved to be a potential 

molding material for macro-patterning of Ti40Zr10Cu34Pd14Sn2 BMG since there were no signs 

of interfacial reaction between the mold and BMG surfaces (Fig. 3(c)). With respect to 

structural analysis, the XRD patterns of the sample after the TPN process are similar to those 

before TPN processing (Fig. 3(f)). None of the XRD patterns reveal obvious crystalline peaks. 

This indicates that the amorphous structure was largely retained after the TPN process since 

nanocrystals and low crystallinity may not be detected by XRD. The promising results from the 

macro-molding of Ti40Zr10Cu34Pd14Sn2 BMG triggered further attempts with micro-molding. 
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For the micro-patterning experiments, an array of 5 µm square humps was created on 

the surface of Ti40Zr10Cu34Pd14Sn2 BMG disks. A photo of the sample disk after micro-

patterning is shown in Fig. 4(a). The patterned region is at the right-up corner of the BMG disk 

where the silicon mold was located, and the flat region is the remaining area of the surface, 

which was free space and did not come into contact with the mold. This allows investigation of 

the influence of viscous flow deformation since both the patterned and flat regions had the same 

thermal history. In Figs. 4(b) and (c), both CLSM and SEM display the micro-pattern of square 

Figure 4: Micro-patterning of Ti40Zr10Cu34Pd14Sn2 BMG: (a) Photo of the BMG disk, including the 

patterned region at the upper-right corner and the flat region in the remaining area. (b) Remapped 

topography and (c) SEM image of the patterned region. (d) Contact angle analysis of both patterned and 

flat regions. (e) XRD analysis. (f) HRTEM images and SAED patterns of both patterned and flat regions. 

The nanocrystals are marked with red-dash circles in HRTEM images.  
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humps on the patterned region, which is the negative pattern from the silicon template with 

square pores. CLSM was utilized to measure the dimensions of the square humps with a height 

of around 1.6 µm and about 5 µm in length, as depicted in Fig. 4(b). SEM offers a good 

overview of the morphology of the humps in the patterned region, as displayed in Fig. 4(c). 

Especially the smooth curvatures on top of the humps indicates viscous flow deformation in the 

free spaces. The interaction between the supercooled liquid and the silicon mold leads to flat 

grids on the whole patterned region and clean right angles on the sides of the humps. As shown 

in Fig. 4(d), the contact angles of the patterned surface are slightly larger than the flat surfaces 

due to the increased roughness. The decreasing trends of contact angles after 30 and 60 seconds 

are similar on both surfaces. This indicates that the chemistry on the patterned surface did not 

change after contact with the silicon templates. XRD analysis shows slight crystallization after 

the TPN process after micro-molding (Fig. 4(e)). Therefore, HRTEM and SAED were applied 

to get more information on the origin of crystallization, as illustrated in Fig. 4(f). Because both 

regions underwent the same heating and cooling steps during the TPN process, the only 

difference is that the patterned regions were deformed through molding. Hence, the result that 

both regions show similar SAED patterns and HRTEM images means that the formation of 

nanocrystals is more related to the thermal history than to deformation-induced crystallization. 

The HRTEM images of both regions display nanocrystals (marked with red-dash circles) in the 

amorphous matrix. It is worth noticing that the SAED patterns on both regions have sharp rings 

representing the existence of nanocrystals instead of typical halo rings found in amorphous 

materials. Therefore, the DSC, XRD, and TEM characterizations indicate that the proposed 

process window goes through the first nano-crystallization event and prevents the second 

crystallization event. Furthermore, it is possible to shape and pattern the materials even through 

the formation of nanocrystals during the TPN process. 

The properties such as hardness and corrosion resistance are improved after the TPN 

process. The result of Vickers hardness and the observations of indent are displayed in Fig. 

5(a). After the TPN process, the Vickers hardness (HV1) increases by 6% compared with the 

as-cast sample (621 HV vs. 584 HV). It is worth noticing that the indent observation of the after 

TPN sample has a shining cross that the beneath BMG material exposes after the thick oxide 

layer cracks. With respect to corrosion resistance, Fig. 5(b) shows the polarization behavior of 

Ti40Zr10Cu34Pd14Sn2 BMG disks before and after the TPN process. After the TPN process, the 

new oxide layer built up significantly decreases the corrosion current by an order of magnitude 

down to 1.11  107 A cm–2 (see Table S2). Secondly, the TPN sample passivates at relatively 

lower passivation currents (cf. 3.46  107 vs. 6.90  106). The third improvement is observed 

in the extent of the passive region ηpit; although some serrations are visible above 0.2 V in the 

TPN sample, this value remains similar after TPN. These results corroborate the better 

corrosion resistance of the TPN deformed sample in PBS solution under 37 °C compared to the 

as-cast state. 
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The conventional process route of the TPN technique is to avoid intersecting the 

crystallization curve in the TTT diagram since it was believed that BMGs can not be deformed 

and patterned once the materials are crystallized. However, this work finds that if the first 

crystallization event is the formation of nanocrystals, the BMGs can still be deformed and 

patterned even with the nanocrystallization. Furthermore, the processing temperature can be 

very close to Tx to make use of the lower viscosity of the amorphous matrix to deform and 

pattern the material. Therefore, for the BMG systems that have nanocrystal formation during 

the first crystallization step, the definition of SCLR, ∆Tx = (Tg ‒ Tx), might lead to an 

underestimated process temperature, and the deformability of the material might be under-

evaluated. For most applications, it is necessary to compensate for other properties such as 

biocompatibility, hydrogen production, etc. Therefore, the BMG systems with narrow SCLR 

still have the potential to be processed via TPN for vast applications. 

4. Conclusions 

This contribution investigated the processing window of thermoplastic net-shaping for 

Ti40Zr10Cu34Pd14Sn2 BMG. It was found that the first nanocrystalline phase is prone to form 

within short periods even when the BMG is annealed very close to Tg. Isothermal DSC analysis 

proved that even at 23 °C above Tg, the first phase crystallization occurs within 10 min. Instead 

of avoiding intersecting the crystallization curve in the TTT diagram, the newly proposed 

strategy for thermoplastic net-shaping of Ti40Zr10Cu34Pd14Sn2 BMG is to accept that 

nanocrystals will form but make use of the lower viscosity of the supercooled liquid when 

processing at higher temperatures above Tg. Ti40Zr10Cu34Pd14Sn2 BMG rods could be deformed 

Figure 5: Comparison of (a) hardness and (b) corrosion resistance for Ti40Zr10Cu34Pd14Sn2 BMG before 

and after the TPN process. (a) Optical microscopy observations and the HV1 hardness histogram after 

Vickers indentation (b) Forward potentiodynamic polarization scans of the selected Ti40Zr10Cu34Pd14Sn2

BMG disks at a scan rate of 1 mV s1 in PBS solution at 37 °C. The potential is given vs. the Ag/AgCl 

reference electrode. icorr and Ecorr are determined by extrapolation and intersection of the cathodic and 

anodic regions (dashed lines). The ipass values are indicated by arrows. Epit is given by the short dashed 

lines. 
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into a disk with only 18% of its original height via the TPN process, revealing large 

deformability within the SCLR. Furthermore, patterns with scales from 300 µm to 5 µm were 

successfully imprinted on Ti40Zr10Cu34Pd14Sn2 BMG surfaces, demonstrating the potential to 

create more complex features such as hierarchical structures combining micro-patterns and 

macro-patterns. SAED and HRTEM analysis revealed that the formation of nanocrystals is 

more related to the thermal history during the TPN process than deformation-induced 

crystallization. After the TPN process, the Vickers hardness increases by 6%, and the corrosion 

current decreases by an order of magnitude. Hence, the TPN process improves the properties 

such as hardness and corrosion resistance. Furthermore, this work reveals that if the first 

crystallization event of the BMG systems is the formation of nanocrystals, the BMGs can still 

be deformed and patterned via the TPN technique, even with nanocrystallization. Altogether, 

this work provides a feasible approach for processing a broad family of mediocre glass-forming 

systems using TPN with extensive application potential. 
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Publication I ‒ Supporting Information 

 

Figure S33: Setup of thermoplastic net-shaping (TPN) process. Due to the design of the shaft 

components, the compression test machine moves in a tensile direction to apply compressive 

stress on the sample. 

 

Figure S34: Record of the process parameters (applied force, temperature, and displacement) 

for the thermoplastic net-shaping (TPN) process. For micro-pattering, the force was applied 
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gently to avoid scattering the silicon template. The displacement includes the thermal expansion 

of the compression test machine. 

 

Figure S35: Temperature-dependent viscosity with the characteristic temperatures and process 

window in this work. Reproduced with permission from Bera et al. [1]. 

 

 

 

Table S5: Onset glass transitions (Onset Tg) and crystallization enthalpies from constant-rate 

heating DSC curves: 

 Onset Tg (°C)  Enthalpy for peak 1 

(J/g) 

Enthalpy for the sum of 

peaks 2 and 3 (J/g) 

Amorphous 394.4 7.844 27.705 

After 1 hr at 420 °C 398.5 NA 26.554 

After 1 hr at 430 °C 400.3 NA 26.421 

After 1 hr at 440 °C NA NA 25.555 

Deformability Test 397.0 0.630 26.625 
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Table S2: Passivation and pitting corrosion of the investigated Ti-based BMG before and after 

TPN. icorr: corrosion current density, Ecorr: corrosion potential, ipass: passivation current density, 

Epit: pitting potential, ηpit: passivation region. 

State icorr (A cm–2) 
Ecorr (V vs 

Ag/AgCl) 
ipass (A cm–2) 

Epit (V vs 

Ag/AgCl) 

ηpit (V) 

[Epit – Ecorr] 

As-cast 1.28  106 0.097 6.90  106 0.384 0.287 

TPN 1.11  107 0.006 3.46  107 0.300 0.294 
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A hierarchical structure integrating nano-scale protrusions on micro-scale 

protuberances is achieved on Ni-free Ti-based bulk metallic glasses via a two-step 

thermoplastic forming technique. The patterned materials preserve advantageous mechanical 

properties and biocompatibility from the as-cast materials. However, the surface features 

change the cell morphology. Besides implant applications, this work realizes a strategy for 

studying cell behavior on rigid ordered surfaces. 
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1. Introduction 

Titanium-based bulk metallic glasses (Ti-BMGs) have recently attracted substantial 

interest in biomedical applications. The high titanium content of these alloys gives them 

intrinsic biocompatibility.[1–3] In addition, owing to their amorphous nature, Ti-BMGs have 

attractive properties such as high corrosion resistance, wear resistance, lower Young’s modulus, 

higher elasticity, and higher specific strength than traditional crystalline Ti-alloys, making them 

potential biomaterials for dental and orthopedic applications.[2–7] The reduced Young’s modulus 

and enhanced elastic behavior are expected to alleviate stress-shielding effects when contacting 

bone tissues.[8,9] Indeed, many efforts have been devoted to the development of β-type titanium 

alloys achieving low Young’s modulus below 80 GPa for crystalline materials.[10–13]  In 

amorphous materials, many Ti-BMGs, such as Ti─Ni─Cu and Ti─Zr─Cu─Ni alloy systems, 

rely on nickel to improve their glass-forming ability (GFA).[6,14] Several studies have shown 

that nickel ions can induce harmful effects on the human body, such as cutaneous inflammations 

and carcinogenicity.[15,16] Ion release is a by-product of corrosion, which in turn is generally 

facilitated by contact with body fluid.[6,15] Without Ni, Ti─Zr─Cu─Pd BMG systems have 

improved biocompatibility and sufficient GFA for real-life applications.[14,17,18] 
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BMGs can be processed by the thermoplastic forming (TPF) technique, another 

advantage for amorphous structures.[19,20] When BMGs are heated to their supercooled liquid 

region (SCLR), the region between glass transition temperature (Tg) and crystallization 

temperature (Tx), the material can be deformed by viscous flow.[17,19–21] Viscous flow 

deformation can be used to shape the entire feedstock and/or fabricate surface features on 

BMGs.[19,20,22–24] Thus, TPF techniques can be used to, for example, manufacture screws from 

BMG rods. As an improved variant of Ti─Zr─Cu─Pd BMGs, Ti40Zr10Cu34Pd14Sn2 (at%) BMG 

has more potential to be processed with TPF compared to the base composition 

Ti40Zr10Cu36Pd14 BMG.[17,20] Replacing 2 at% of Cu with Sn in Ti40Zr10Cu36Pd14 BMG 

effectively slows the kinetics of crystallization in the Ti40Zr10Cu34Pd14Sn2 BMG, resulting in 

an enhanced GFA and SCLR range.[17,25,26] Ti40Zr10Cu34Pd14Sn2 BMG has a critical diameter 

of 12 mm, which is sufficient for most dental and orthodontic applications, such as fixtures, 

screws, abutments, brackets, hooks, and ligatures.[2,14,26]  

In terms of biomedical science, the surface morphology of the implants affects 

osseointegration and anti-biofilm properties.[9,27–29] Several studies prove that cells can sense 

their environment and convert mechanical stimuli such as stiffness and topography into 

biochemical signals to regulate cell response and function; this process is known as 

mechanotransduction.[29–35] Hence, the surface topography of the implant can induce changes 

in cell morphology and further impact cell fate.[1,6,9,27,35–37] It was demonstrated how the density 

of nano-protrusion controls responses of human mesenchymal stem cells, in which the dense 

pattern (1.2 µm spacing) inhibited cell spreading and directed cells to become adipocyte-like 

while the sparse pattern (5.6 µm spacing) induced cells to become osteoblast-like cells.[38,39] 

Moreover, different cell types might respond differently to the same topography. Padmanabhan 

et al. showed that fibroblasts could detect as small as 55 nm nano-patterns.[40] In comparison, 

macrophages failed to detect nano-patterns of smaller 150 nm and responded to a feature size 

of 200 nm.[40] Finally, engineering the surface topography can improve implant grip and avoid 

loosening to save patients from pain.[41,42] 

Surface patterned Ni-free Ti-BMGs bridge the gap between materials science and 

biomedical engineering, but literature reports are limited. Regarding hierarchical structures on 

metallic glasses, Hasan et al. implemented hierarchical patterning on Pt57.5Cu14.7Ni5.3P22.5 

BMG.[43] For Ti-BMGs, Gong et al. have decorated surfaces with 400 nm-diameter nanorods 

on Ti45Zr20Be30Fe5 BMG.[44] However, beryllium which is part of the latter alloy has high 

cytotoxicity and should be avoided in implants.[45,46] Sarac et al. generated hierarchical square 

bumps with a maximum height of 5 µm, where the micro-forming kinetics were compared with 

Zr48Cu36Al8Ag8.[47,48] For the above-mentioned Ti40Zr10Cu34Pd14Sn2 BMG, Bera et al. 

demonstrated a circular bump pattern with roughly 500 μm diameter and 24 μm height.[17] Cai 

et al. managed to micro-patterned square protuberances with 5 µm in length and around 1.6 µm 
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in height.[20] However, hierarchical structures integrating micro- and nano-patterns at the same 

surface have not been achieved on Ti-based BMGs yet. 

Here, for the first time, nano-patterns and hierarchical structures are created on the 

surface of Ni-free Ti-based BMGs. On Ti40Zr10Cu34Pd14Sn2 BMG, we demonstrate the nano-

pattern with a dragonfly-eye-like microstructure featuring 400 nm protrusions and a raspberry-

shaped hierarchical structure by superimposing 400 nm diameter nano-protrusions on 2.5 µm 

square protuberances. The influences of various TPF conditions on structures and mechanical 

properties are studied. Biocompatibility of Ti40Zr10Cu34Pd14Sn2 BMG is investigated using 

Saos-2 cell lines on four different surface topographies: flat, micro-patterned, nano-patterned, 

and hierarchical-structured surfaces. The influence of surface patterns on cell morphology is 

inspected by scanning electron microscopy (SEM) and confocal laser scanning microscopy 

(CLSM) and determined by quantitative morphometric analysis. Our work demonstrates that 

the hierarchical-patterned Ti40Zr10Cu34Pd14Sn2 BMG maintains favorable mechanical 

properties from as-cast materials, such as Young’s modulus and hardness. In addition to hard-

tissue implant applications, TPF-patterned Ti-BMGs have highly ordered features and design 

flexibility on the surface, which can be a prospective platform for studying cell behavior on 

stiff and ordered surface topographies.  

2. Results 

2.1. Surface Topography of TPF-Patterned Ti-BMGs 

Ni-free Ti-BMG systems have been patterned into nano-scale, and the two-tier 

hierarchical structure integrating micro- and nano-patters is achieved (Figure 1). A 

demonstration of the two-step TPF process combined with a schematic time-temperature-

transformation (TTT) diagram is exhibited in Figure 1a. The glass transition temperature is at 

Tg (394 ± 2 °C), and the processing temperature is represented as TTPF. The green crystallization 

nose represents the first crystallization event at Tx1 (446 ± 2 °C), and the pink crystallization 

nose represents the second crystallization at Tx2 (525 ± 2 °C). The thermoformed patterns were 

inspected by SEM (Figure 1). The micro-pattern (Figure 1b) has ordered square protuberances 

with 2.5 µm in length and around 1.5 µm in height. The nano-pattern (Figure 1c) features 400 

nm hexagonal close-packed protrusions, similar to the corneal surface structures of insect 

eyes.[49] The hierarchical pattern (Figure 1d) combines the topographies of micro-pattern and 

nano-pattern, giving ordered raspberry-like hierarchical structures. The hierarchical structure is 

created by a two-step TPF process in which the nano-pattern (Figure 1c) is imprinted during 

the first step, followed by the generation of the micro-pattern (Figure 1b), which is superposed 

on the nano-pattern. Therefore, each ‘‘raspberry’’ is based on 2.5 µm square protuberances and 

possesses 400 nm diameter, hexagonal close-packed protrusions on the top, leading to a total 

height of around 2 µm. In the hierarchical structure, each 2.5 µm square protuberance has an 

average of 25 pieces of 400 nm diameter nano-protrusions, as is illustrated in Figure S1. 
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2.2. Structural and Mechanical Properties in Terms of Thermal History 

The states of BMGs depend on their thermal history.[50,51] The differences in states after 

the various TPF processing techniques were evaluated. Table 1 describes the terminologies, 

color codes, intended applications used in the following figures, and the corresponding thermal 

histories of the TPF conditions. ‘‘As Cast’’ and ‘‘Crystalline’’ are references in which ‘‘As 

Cast’’ represents a fully amorphous state without thermo-processing, and ‘‘Crystalline’’ 

Figure 1: Thermoplastic forming of Ti40Zr10Cu34Pd14Sn2 BMG: (a) Demonstration of two-step TPF 

process combined with a schematic time-temperature-transformation (TTT) diagram. Actual samples of 

(b) micro-pattern, (c) nano-pattern, and (d) hierarchical-pattern with raspberry-like appearance. The 

photos of the whole BMG disk are on the left, while SEM images are on the middle and right.  
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represents the same material annealed to a fully crystallized structure. ‘‘410°C_10M’’ stands 

for the TPF process at 410°C for 10 min. This condition is used to generate micro- or nano-

patterns in this work. ‘‘418°C_4M +410°C_10M’’ means the two-step TPF process to fabricate 

a 2-tier hierarchical structure in which the material is held at 418°C for 4 min to imprint the 

nano-pattern in the first step, and then at 410°C for 10 min to superpose the micro-pattern in 

the second step. ‘‘410°C_10M +374°C_6H’’ is the thermal history of a diffusion-based nano-

molding technique inspired by Liu et al. to create nanorods with less than 100 nm diameter on 

crystalline metals.[52] The idea is to create the nano-protrusion at 410°C for 10 min via the TPF 

process and then drop the temperature to 374°C for 6 h while holding the same pressure all the 

time. ‘‘440°C_4M’’ is based on the previous work from Cai et al. using the same BMG system 

that allows the nanocrystallization during the TPF process.[20]  

Thermal History Color Intended Application 

As Cast 
 

Reference (fully amorphous) 

410°C_10M 
 

Micro- / Nano- pattern 

418°C_4M +410°C_10M 
 

2-tier hierarchical structure 

410°C_10M +374°C_6H 
 

TPF + Diffusion-based Nano-molding 

440°C_4M  TPF with nano-crystallization 

Crystalline 
 

Reference (fully crystallized) 

TPF-processed samples were characterized by XRD analysis to determine their 

microstructures. The XRD patterns of all TPF-processed samples are similar to the as-cast 

sample (Figure 2a), with the only feature being the characteristic broad halo around 48°. None 

of the XRD patterns reveal obvious crystalline peaks, suggesting the amorphous structure was 

retained. However, it should be noted that XRD may not detect nanocrystalline phases or small 

volume fractions of crystals.[6,53] Nevertheless, the results of XRD analysis suggest that thermal 

processing in all conditions tested here does not induce significant crystallization. Figure 2b 

shows the results of the isochronous DSC analysis. For the references of the two extreme cases, 

the green line represents the amorphous state of the as-cast sample, and the black line represents 

the crystalline state. Three exothermic peaks are observed in the amorphous curves, indicating 

the formation of crystalline phases. It has been reported that the first exothermic peak is due to 

the formation of α-(Ti/Zr), Pd3Ti, CuTi2, and Pd2Ti crystalline phases; the second peak to the 

formation of the CuTi crystalline phase; the third peak has been associated with the formation 

of the Pd5Ti3 and CuTi2 crystalline phases.[54] Notably, the curves for 410°C_10M (blue) and 

418°C_4M +410°C_10M (purple) show the occurrence of the first exothermic peak. However, 

Table 1: Thermal history, color code, and intended application for various TPF processing techniques. 

(Format for thermal history: Temperature°C_Time, M = minute; H = hour) 
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the first exothermic peak in these samples is less intense than in the as-cast sample. In the DSC 

curve of 440°C_4M (red), the first exothermic peak disappeared. According to Calin et al.[25], 

the first crystallization event involves forming a nanocrystalline α-(Ti/Zr) phase. Hence, 

nanocrystallization occurred after the thermal processing of 410°C_10M +374°C_6H and 

440°C_4M. 

 

One of the main interests in BMGs for biomedical applications are their mechanical 

properties.[55] The effects of the TPF processes on the mechanical properties have been 

Figure 2: Characterization of Ti40Zr10Cu34Pd14Sn2 BMG disks with various thermal histories during the 

TPF process: (a) XRD analysis (b) DSC curves from constant-rate heating (20 °C/min) measurements 

(c) Microhardness. 
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evaluated here by microhardness and RUS. The Vickers hardness (HV1) results are shown in 

Figure 2c. The hardness of the as-cast sample (584 HV) is similar to those found in 410°C_10M 

and 418°C_4M +410°C_10M samples (585 HV). The hardness of 410°C_10M +374°C_6H 

increases slightly to 593 HV. The hardness of 440°C_4M rises to 624 HV, 7% higher than the 

as-cast, an increase consistent with typical values associated with relaxation in BMGs. The 

hardness of the fully crystallized sample (704 HV) is 21% higher than the as-cast. 

 

The shear and bulk modulus measured by RUS are shown in Figure 3a,b. Young's 

modulus and Poisson's ratio were calculated from the known relationships between elastic 

constants in isotropic materials (section 2.3., Figure 3c,d). The resonant modes in RUS were 

dominated by contributions from shear waves, and therefore, the experimental uncertainty is 

significantly lower for the shear modulus G (±0.2%) than for the bulk modulus K (±5%).[56] 

The shear modulus increases gradually with harsher thermal processing conditions (longer time 

and higher temperature). Compared to the as-cast sample, an apparent increase in shear modulus 

is observed in the processing condition of 410°C_10M +374°C_6H (8%), 440°C_4M (13%), 

and Crystalline (52%). The bulk modulus does not change within the uncertainty following 

Figure 3: Mechanical properties determined via RUS: (a) Shear modulus. (b) Bulk modulus. (c) 

Young’s modulus. (d) Poisson’s ratio. It is worth noting that Young’s modulus and Poisson’s ratio were 

calculated from measured shear modulus and bulk modulus. 
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thermal processing, and thus, Young's modulus follows the same trend as the shear modulus. 

Compared to the as-cast, a noticeable rise of Young's modulus is shown in 410°C_10M 

+374°C_6H (7%), 440°C_4M (12%), and Crystalline (45%). The Poisson's ratio shows an 

opposite trend to Young's modulus. 

2.3. Wettability and Biocompatibility Regarding Surface Topography 

The micro-, nano-, and hierarchical-patterned Ti-BMG disks, as illustrated in Figure 1, 

are further investigated for their surface properties, such as wettability and biocompatibility. 

The original mirror-polished Ti40Zr10Cu34Pd14Sn2 BMG disk was provided as a reference (Ti-

BMG.Flat). The result of contact angle measures is shown in Figure 4a. All patterns result in 

similar wettability. The flat reference surface exhibits the largest contact angle of 74°. All 

patterned surfaces have contact angles slightly smaller than that. The micro-pattern exhibits a 

contact angle of 71°, the hierarchical pattern a contact angle of 70°, while the nano-patterned 

surface has the smallest among the four tested surfaces with 68°. 

 

Biocompatibilities of patterned Ti40Zr10Cu34Pd14Sn2 BMG disks were investigated from 

several aspects, such as cell viability, cell proliferation, cell morphology, and cell adhesion.  

Figure 4: Wettability and biocompatibility of Ti40Zr10Cu34Pd14Sn2 BMG with flat, micro-pattern, nano-

pattern, hierarchical-pattern: (a) Water contact angles. (b) Saos-2 cell proliferation at day 1, 3, and 7 by 

Alamar Blue assay. (c) Percentage and (d) number of live cells at day 3 by live/dead cell viability kit. 
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Saos-2 cell proliferation from Alamar Blue assay on four different surface topographies 

of Ti-BMG was analyzed on days 1, 3, and 7. The results are displayed in Figure 4b. The 

metabolic activity results were normalized regarding the value of day 1 and then compared 

among different surface topographies on days 3 and 7. No significant differences due to the 

four surface topographies were observed at any time point. Cell viability was evaluated from 

live/dead images by analyzing Saos-2 cells grown on the surfaces for 3 days after seeding. The 

quantified results, such as the percentage and number of live cells, are presented in Figure 4c,d 

correspondingly. All four surface topographies of Ti-BMG have cell viability higher than 90% 

Figure 5: Cell viability, morphology, and adhesion of Saos-2 cells at day 3. In the live/dead viability, 

live cells are stained in green, while dead cells are stained in red. In the cell adhesion, actin cytoskeleton 

(red) and nuclei (blue) can be observed. 
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and the Ti-BMG.Flat has viability even above 96%. There are no significant differences 

between the four surface topographies regarding the number of live cells. Representative 

images from the live/dead assay of each surface topography are displayed in Figure 5 Live/dead 

images, while live cells were dyed in green and dead cells in red. 

Saos-2 cell morphology and cell adhesion on the four surface topographies were 

investigated after 3 days of culture via SEM and CLSM, as demonstrated in Figure 5. According 

to SEM images, Saos-2 cells spread well on all tested surfaces. Multiple cells are connected to 

each other by filopodia. Especially, filopodia longer than 20 µm are observed on the Ti-

BMG.Micro and Ti-BMG.Hierarchical. Furthermore, these filopodia crossover the micro 

protuberances instead of going around them.   

Regarding CLSM images from DAPI/phalloidin staining, cells on the flat surface have 

polygonal morphology with larger areas and are closer to each other than on patterned surfaces. 

Actin stress fibers were observed on all four surfaces, even though the flat surface has the most 

well-defined and prolonged actin stress fibers. The cells on the three patterned surfaces have 

less homogenously spread cells, with some of them stretched and elongated morphology and 

other cells in a rounded shape. It is worth noticing that some cells on all patterned surfaces have 

star-shaped or dendritic morphologies. Several dividing cells are observed on all tested surfaces. 

 

The CLSM images from DAPI/phalloidin staining were quantitatively analyzed. Figure 

6a displays the areas of the cytoskeleton and nucleus of each cell on the surfaces. Briefly, all 

three patterned surfaces have significantly smaller cytoskeleton areas than the flat surface, 

while only nano- and hierarchical-patterned surfaces significantly reduce the nucleus area. In 

Figure 6b, three morphometric parameters: eccentricity, form factor, and solidity, are evaluated 

to describe cell morphologies. Each of these parameters has values ranging from 0 to 1. 

Tendencies were observed in the form factor. Nano- and hierarchical-patterned surfaces have 

significantly increased values in the cytoskeleton. However, the nuclear form factor exhibits an 

Figure 6: Quantitative morphometric analysis from DAPI/phalloidin staining images (Cell Adhesion in 

Figure 5) of Saos-2 cells after 3 days in culture on the four surface topographies of Ti-BMG: (a) Area, 

(b) eccentricity, form factor, and solidity of nuclei and cytoskeleton of each cell. 
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inverse tendency, with the flat surface having the highest value and the hierarchically patterned 

surface having the lowest value. More interpretation about morphologic analysis is revealed in 

the discussion section. 

3. Discussion 

3.1. Influence of Thermal History on the Amorphous Structure and Mechanical Property 

The correlations between the thermal histories from the TPF process, the glassy states, 

and mechanical properties were studied. Thermal processing of MGs at high temperatures 

typically induces two effects: relaxation and/or crystallization. Both relaxation and 

crystallization can be quantified by DSC analysis. According to crystallization enthalpies from 

DSC analysis, the studied TPF conditions can be divided into three categories, as listed in Table 

2. Category I contains the samples that still show the first exothermic peaks around 450°C in 

the DSC curves, for instance, As Cast, 410°C_10M, and 418°C_4M +410°C_10M. Category II 

is for those whose first exothermic peaks disappeared, including 410°C_10M +374°C_6H and 

440°C_4M. Category III is Crystalline, with all three peaks and the glass transition event having 

vanished. 

Category Thermal History 
Crystallization Enthalpy 

1 [J/g] ± 5% 

Crystallization Enthalpy 

2+3 [J/g] ± 5% 

I As Cast 8.0 28.1 

I 410°C_10M 7.0 29.6 

I 418°C_4M +410°C_10M 5.2 26.4 

II 410°C_10M +374°C_6H NA 28.3 

II 440°C_4M NA 26.9 

III Crystalline NA NA 

 

It is clear that if the first exothermic peak in the DSC curves is retained after the thermal 

processing, as for Category I, then the mechanical properties also do not change significantly. 

The Vickers hardness results (Figure 2c) show no significant difference between the as-cast 

sample and the sample 410°C_10M and 418°C_4M +410°C_10M. However, the hardness 

increases dramatically if the thermal processing takes longer and is harsher so that the first 

exothermic peaks vanish, as for Category II. Once the material is fully crystallized, as for 

Category III, an even higher hardness is reached.   

The assessment of elastic constants is consistent with the observed hardness and state 

changes. Typically, the shear modulus does not change by more than a few percent in the 

Table 2: Three categories according to crystallization enthalpy analysis from DSC curves in Figure 2b.
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amorphous state.[57] The shear modulus in Category I is raised by less than 5%, suggesting the 

amorphous state is maintained. The shear modulus increases with relaxation in the glassy state 

have been reported in the range of 0–7%.[57] Upon crystallization, the shear modulus has been 

reported to increase by 15–50%, with a typically cited value of 30%.[58–60] Here, the samples 

assigned to Category II show shear modulus increases of 8% and 13% compared to the as-cast 

sample; these values are high, suggesting a potential mixture of relaxation and some nanocrystal 

formation. The crystalline sample (Category III) has a massive increase in shear modulus 

(≈50%). The estimated Young’s modulus and Poisson’s ratio are influenced mainly by shear 

modulus since the bulk modulus weakly depends on thermal history.[61] 

Former studies about the TPF-based processing of BMGs claimed that crystallization 

must be avoided to preserve their mechanical properties.[21,51,62] Our study suggests a 

crystallization tolerance for TPF processing, and slight crystallization is allowed before the 

Ti40Zr10Cu34Pd14Sn2 BMGs lose their mechanical properties. For applications where 

mechanical properties are considered, the system of three categories from DSC analysis can be 

a practical tool to find the limits of thermal processing: (i) for Category I the processed BMGs 

maintain the mechanical properties as in the as-cast state, (ii) in Category II changes in 

mechanical properties are expected, such as higher hardness, Young’s modulus, and lower 

Poisson’s ratio, and (iii) Once the BMGs are fully crystallized as in Category III, the hardness 

and Young’s modulus increase substantially. It is worth noting that the Crystalline sample 

exhibited brittle behavior during RUS sample preparation. Regarding orthopedic and dental 

implant applications, Ti40Zr10Cu34Pd14Sn2 BMGs in Category I still show relatively lower 

Young’s modulus (104 GPa) and higher Vickers hardness (585 HV) than the Ti-6Al-4V alloy, 

where the Ti-6Al-4V alloy is reported Young’s modulus of 110‒120 GPa and Vickers hardness 

340‒350 HV.[1,14,63] 

3.2. Interpretation of Wettability and Cell Response from Surface Topography   

Wettability influences biocompatibility and can be modified through surface chemistry 

and topography.[29,37,64] Generally, a surface is considered hydrophilic if the contact angle is 

smaller than 90° and hydrophobic if the contact angle is larger than 90°.[9,30,65] According to the 

literature, hydrophilic surfaces have the advantages of upregulating bone cell attachment, 

spreading, differentiation, and later-stage mineralization.[29,66–68] All tested surfaces of 

Ti40Zr10Cu34Pd14Sn2 BMG disks are hydrophilic since they have contact angles smaller than 

75°. It is worth noting that the passive oxide layer formed on the patterned surfaces is thicker 

than on the flat surface due to the TPF processing temperature above 400°C. The passive oxide 

layer has been reported to have the composition of 64‒69% TiO2, 15‒20% ZrO2, 10‒18% Cu2O, 

and 1‒2% SnO2 on Ti40Zr10Cu34Pd14Sn2 BMG.[6] Both surface topography and surface 

chemistry have effects on wettability.[69–72] Hence, nano- and hierarchical-patterned surfaces 

are more hydrophilic than the flat surface due to the synergetic effect of the passive oxide layer 

formed during the TPF process and the patterned topographies after the TPF process. Further 
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studies are required to determine the independent influence of surface topography and surface 

chemistry on wettability.  

In this study, all Ti40Zr10Cu34Pd14Sn2 BMG disks have very high biocompatibility. 

Although there is no dramatic difference in cell viability and proliferation according to the 

Alamar Blue assay and Live/Dead Cytotoxicity, the topographical patterns have significantly 

changed the cell morphology and spatial distribution. 

In the CLSM and SEM images (Figure 5), cells adhered to all patterned surfaces have 

many membrane extensions on the edge of the cell leading to star-shaped and dendritic cell 

morphologies. Especially on the micro- and hierarchical-patterned surfaces, these membrane 

extensions can expand longer than 20 µm and climb over the micro protuberances instead of 

going around the protuberances. These extensions are filopodia filled with bundled actin 

filaments and work as topographical sensors in the microenvironment.[38,69–71] Filopodia play 

important roles in driving fundamental cell functions such as cell adhesion, spreading, 

migration, and even division.[38,69] Many works [30,38,72,73] report that patterned surfaces promote 

the formation of longer filopodia, as observed in the CLSM and SEM images. Moreover, some 

cells develop filopodia parallel to each other to align with the direction of the micro-pattern, 

and several nuclear signals have black spots (spots with weak fluorescence signal) ordered in 

the nucleus, as shown in Figure S2. The black spots observed in the nucleus were deformations 

of the nucleus due to the micro-pattern. Generally, Saos-2 cells spread well on all tested surfaces 

in the CLSM images (Figure 5). The quantitative morphometric analysis provides a clear view 

of the influence of surface topography on cell morphology (Figure 6). From the area of the 

cytoskeleton and nucleus (Figure 6a), a ratio of cytoskeleton area to nucleus area can be 

calculated, which simply indicates how well cells spread on the surface. The flat surface has 

the highest ratio of 5.86, while the hierarchical-patterned surface has the lowest ratio of 3.80. 

The cell spreading results revealed that cells growing on the flat surface had the largest 

spreading area. For micro- and hierarchical-patterned surfaces, the area was 1090.45 µm2 versus 

916.97 µm2, respectively. These numbers indicate that each cell covered approximately 62 

pieces of square protuberances for micro-patterned surfaces and 52 pieces for hierarchical-

patterned surfaces, taking into account the protuberance size of 2.5 x 2.5 µm². Several studies 

have shown that a limited spreading area of cells is beneficial to maintain the undifferentiated 

state of embryonic stem cells.[74,75]  

The morphologies of the cytoskeleton and nucleus are described using three 

morphometric parameters: eccentricity, form factor, and solidity. Firstly, eccentricity measures 

how much the cell deviates from being circular using the bounding ellipse.[76,77] A perfect circle 

has an eccentricity of 0, and a more elongated shape has a higher eccentricity.[76,77] It is worth 

noticing that the nuclear eccentricity on the hierarchical-patterned surface is significantly lower 

than on the flat surface, which implies that the nuclei are more elongated on the flat surface 

than on the hierarchical-patterned surface. Rangamani et al. showed that increasing nucleus 
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eccentricity enhances mitogen-activated protein kinase (MAPK) 1,2 level in the COS-7 cell 

nucleus for growth factor receptor pathways.[78] Form factor, also known as circularity, 

represents how starfish-like the shape (i.e., more protrusions and lobulations) compared with a 

circle.[77,79] A perfect circle has a form factor of 1, and the ratio decreases with more cell 

protrusions or deconvoluted shapes.[77,79] The cytoskeleton form factor of all four surfaces is 

smaller than 0.6, indicating that cells spread with several protrusions. Furthermore, the 

cytoskeleton form factor significantly increases on nano- and hierarchical-patterned surfaces. 

However, the nuclear form factor decreases in nano- and hierarchical-patterned surfaces (0.58 

versus 0.49) compared with the flat surface (0.76). This decreasing trend indicates the nano-

feature ridging the nucleus, and this effect can be amplified when the micro-feature is present, 

as shown in the hierarchical-patterned surface. Lastly, solidity is the ratio of the measured area 

to the area of a convex hull drawn around the object.[77,80] This convex hull around the object 

can be imagined as a rubber band stretched around the perimeter so that the convex hull gaps 

away from the actual perimeter in undulating cells.[77,80] Solidity is 1 if the actual perimeter is 

the same as the convex hull, and solidity is smaller if there are more retracted gaps of the actual 

perimeter than the convex hull. Nuclear solidity has a similar trend as the nuclear form factor, 

with no differences between flat and micro-patterned surfaces (0.96). Nevertheless, the nuclear 

solidity decreases to 0.92 for nanopatterned surfaces and 0.89 for the hierarchical-patterned 

surface. Again, it is interesting that the micro-pattern alone does not crumple the nucleus, while 

the nano-pattern does. Nevertheless, when combined with the nano-pattern, the micro-pattern 

creates a more irregular nuclear shape. 

Regarding cell spatial distribution, in the CLSM images, it is apparent that Saos-2 cells 

are packed closer to each other on the flat surface than on three patterned surfaces. When 

comparing multiple live/dead images, Saos-2 cells on the flat surface tend to form colonies in 

some regions and leave empty spaces in other regions. On the contrary, especially on the 

hierarchical-patterned surface, Saos-2 cells tend to disperse on the whole region with lesser 

cells tightly contact with each other than on the flat surface. The role of surface topography on 

protein absorption and subsequent cell response needs to be further elucidated. Studies showed 

that micro-roughness increases protein adsorption by providing a larger specific surface area 

due to more active sites and features, while the aspect ratio of nano-roughness can affect protein 

conformation and orientation.[81–84] A possible hypothesis is that the topography of patterned 

surfaces hinders cell migration. Therefore, cells develop long filopodia to sense each other 

instead of moving to the neighbor cells. Dallas et al. proposed that changes in cell motility may 

be critical in the transition from osteoblast to osteocyte, as reflected in the altered expression of 

many molecules involved in cytoskeletal function.[85] Hence, combining cell culture on 

patterned surfaces with dynamic imaging approaches could be used to study the role of cell 

motility in bone cell function. 



Fei-Fan Cai Publications and Appendix 

105 

This work suggests potential applications of thermoplastic-formed Ti40Zr10Cu34Pd14Sn2 

BMG in two aspects: (1) Hard-tissue implants and (2) a toolbox for studying cell response. 

Regarding implant applications, the two-step TPF process successfully creates hierarchical 

structures on Ti40Zr10Cu34Pd14Sn2 BMGs, and most importantly, the mechanical properties, 

such as Young’s modulus and hardness, are retained. This work confirms that the surface 

patterns on the Ti40Zr10Cu34Pd14Sn2 BMG disks do not deteriorate their biocompatibility. 

Furthermore, several studies demonstrate that micro- and nano-scale topographies can reduce 

bacteria adhesion, thereby improving the antibiofilm properties of the material.[86,87] Therefore, 

further research to investigate the antibacterial properties of these patterned surfaces is crucial 

for hard-tissue implant applications. The patterned BMG surfaces created by the TPF process 

show a high degree of order (instead of random roughness) and design flexibility, which are 

beneficial to study cell behavior such as spreading, adhesion, proliferation, migration, and 

differentiation. Currently, most patterns with high degree of order are created on polymeric 

substrates, and fewer studies investigated cell responses on rigid- and ordered-patterned 

surfaces.[29] Compared with random roughness, surface topography with well-defined 

dimensions can easily qualify and quantify the effect of a specific cell response from a particular 

surface feature.[40] Several reviews have discussed how pattern parameters - such as the aspect 

ratio, repeat space, and shape of a patterned surface – can significantly affect cell proliferation, 

adhesion, migration, and differentiation with different cell types.[29,36,88–91] In general, micro-

structured substrates can affect cell morphology and cytoskeletal structure, while nano-

structured surfaces can influence cell functions, including proliferation, differentiation, and 

alignment.[90] The surface features of the hierarchical structures can be adjusted by 

implementing molds with different pore sizes and interpore distances. The prominence of a 

particular feature can be tuned through the applied pressure and holding time during the TPF. 

This design flexibility allows optimizing the particular surface feature to strengthen the desired 

response and combining multiple functions using a hierarchical structure. 

4. Conclusions 

Nano-patterns and multitier hierarchical structures have been fabricated with Ni-free Ti-

based BMGs. The versatility of the TPF technique is exhibited on Ti40Zr10Cu34Pd14Sn2 BMG. 

With 400 nm hexagonal close-packed nano-protrusions, the nano-pattern mimics the 

microstructure of a dragonfly’s eye. A two-step TPF process takes the surface patterning to the 

next level by creating a hierarchical structure integrating 400 nm nano-protrusions on 2.5 µm 

square protuberances. The hierarchical-patterned Ti-BMG preserves advantageous mechanical 

properties after the two-step TPF process. Moreover, the connection between structural and 

mechanical properties, such as Young’s modulus and hardness, is classified into three 

categories based on DSC analysis. The preserved low Young’s modulus is essential to alleviate 

stress-shielding effects for hard-tissue implants. 
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Most importantly, for biomedical applications, the biocompatibilities of flat, micro-

patterned, nano-patterned, and hierarchical-structured Ti40Zr10Cu34Pd14Sn2 BMG are 

investigated using Saos-2 cell line. In-vitro assays confirm good cell viability and cell 

proliferation. Despite the changes in wettability being minor, surface patterns indeed change 

cell behaviors such as cell morphology and adhesion. Compared with the flat surface, patterned 

surfaces promote the formation of longer filopodia, leading to star-shaped and dendritic cell 

morphologies. Regarding cell spatial distribution, Saos-2 cells on a flat surface pack more 

closely to form colonies in some areas and leave empty spaces in others. However, Saos-2 cells 

scatter across the entire surface on the hierarchical-patterned surface, with fewer cells in close 

contact. Beyond hard-tissue implant applications, TPF-patterned Ti-BMGs provide a high 

degree of order and design flexibility on the surface topography, which can be a prospective 

toolbox for exploring cell behavior on stiff and ordered surfaces. 

5. Experimental Section 

Fabrication of Ti-BMG Disks: Ti40Zr10Cu34Pd14Sn2 specimens were produced via arc-melting 

and suction casting. Master ingots with nominal composition Ti40Zr10Cu34Pd14Sn2 (at%) were 

prepared from pure elements (purities above 99.9%). The ingots were melted five times to 

ensure homogeneity. The master ingot was cast into a disk with a 12 mm diameter and 2.5 mm 

thickness by copper mold suction casting. Both master ingot preparation and suction casting 

were carried out under a Ti-gettered Ar atmosphere in the same arc-melting machine (Edmund 

Bühler GmbH). The as-cast Ti-BMGs disks were cut to half the thickness using a wire-cut 

electrical discharge machining (EDM MV1200S, Mitsubishi Electric Europe B.V.). The disks 

were ground and mirror-polished to a thickness of around 1 mm and roughness of less than 1 

µm to eliminate potential surface crystallization and oxidation, and to ensure the surfaces were 

parallel for the TPF processing. 

Thermoplastic Forming of Ti-BMG: The apparatus used for TPF in this work is inspired by the 

previous works by J. Schroers and collaborators at Yale University.[92,93] The setup is based on 

a compression machine (Zwick Z100, ZwickRoell GmbH & Co. KG) with ad-hoc components, 

including upper and lower anvils fitted with heating cartridge, a PID controller for process 

control, and water-cooling circulation to protect the loading cells from the heat. Various 

patterns from micro-scale to nano-scale, and hierarchical structures containing both, were 

manufactured on the Ti40Zr10Cu34Pd14Sn2 BMG disks. Micro-patterns were imprinted using 

macro-porous silicon templates (Si mold) with 2.5 µm pore diameter and 4.2 µm interpore 

distance (SmartMembranes GmbH). Nano-patterns were imprinted from nano-porous alumina 

templates (AAO mold) with 400 nm pore diameter and 480 nm interpore distance 

(SmartMembranes GmbH). Silicon templates were dissolved with a KOH solution (1.5 M), 

while alumina templates were dissolved with a phosphoric acid solution (5% w/w). Hierarchical 

structures were fabricated via a two-step TPF process which created the nano-pattern first, and 
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then imprinted the micro-pattern on top of the nano-pattern as a second step (Figure S3). Table 

3 provides a summary of the processing parameters. 

 Step 

Max. 

Pressure 

 [MPa] 

Load Rate 

[MPa min-1] 

Load Time 

[Minute] 

Hold Time 

[Minute] 

Micro-pattern - 900 ± 10 150 6 4 

Nano-pattern - 900 ± 10 900 1 9 

Hierarchical 

structure 

1 900 ± 10 900 1 9 

2 900 ± 10 150 6 4 

Characterization of Physical Properties and Wettability: The material properties of Ti-BMG 

disks were characterized after the suction casting and the TPF process. Several structural 

analyses were conducted to confirm the amorphous nature of as-cast states and the influence of 

thermal processing. The Ti-BMG disks were characterized by X-ray diffraction (XRD) using 

Bruker D2 Phaser with Co Kα radiation. To inspect the formation of nanocrystals, samples of 

≈20 mg mass were characterized by differential scanning calorimetry (DSC) using a NETZSCH 

DSC 404 F1 instrument under an argon atmosphere at a heating rate of 20 K min-1 (constant-

rate heating mode) using alumina crucibles. Overview images of the sample disk were recorded 

with confocal laser scanning microscopy (CLSM-Olympus LEXT OLS4100). The 

topographies of patterned surfaces were imaged with scanning electron microscopy (SEM- 

Zeiss LEO type 1525) using an in-lens detector. Microhardness was assessed with standard 

microindentation with a Vickers indenter, and the elastic constants with resonant ultrasound 

spectroscopy (RUS). Following ISO 6507 standard, Vickers hardness tests were performed 

using a 9.8 N load (HV1) on a DuraScan 70 G5 universal laboratory hardness tester (EMCO-

TEST Prüfmaschinen GmbH, Austria). RUS was carried out at room temperature (RT) on 

cuboid samples in the as-cast state and after the various TPF conditions.  The methodologies 

employed to determine the values of the elastic moduli were identical to those of McKnight et 

al.[88] A lapping fixture was used to ensure the parallelism and perpendicularity of the faces. 

The root mean square (RMS) error of the fitting to the resonance spectra were <0.85%. The 

given Young’s moduli and Poisson’s ratios were computed from the measured bulk modulus 

and shear modulus using conversion formulae (1) and (2), respectively: 

𝐸 =
9 𝐾 𝐺

3𝐾 + 𝐺
 (1) 

𝜈 =
3𝐾 − 2𝐺

2(3𝐾 + 𝐺)
 (2) 

Table 3: Parameters of TPF processes to create patterns.
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where K is the bulk modulus, G is the shear modulus, E is Young’s modulus, and ν is Poisson’s 

ratio. Static water contact angles were recorded and analyzed via the sessile drop method with 

a contact angle goniometer (Kruess DSA100). The measurements were performed and averaged 

for at least five locations, with water droplets of 2 µL volume. 

Cell Culture and Cell Seeding: In vitro experiments were used to examine the four different 

surface topographies of Ti40Zr10Cu34Pd14Sn2 BMG disks: (1) Flat (mirror-polished), (2) Micro-

pattern, (3) Nano-pattern, (4) Hierarchical-pattern. Osteoblast-like Saos-2 cell line (ATCC 

HTB-85), derived from primary human osteosarcoma, were cultured in the fresh medium 

composed by Dulbecco’s modified Eagle medium (DMEM) with 10% fetal bovine serum 

(Gibco) and 2% Penicillin-Streptomycin (P/S; Biowest, Riverside, MO, USA), under standard 

conditions (37°C and 5% CO2). All Ti-BMG disks were sterilized with absolute ethanol for 30 

min and air dried. The sterilized disks were placed into a 24-well plate individually. Then, 

20,000 Saos-2 cells were seeded on top of the disks in each well and cultured under standard 

conditions. 

Cell Viability and Cell Proliferation Assays: Cell viability on the Ti-BMG disks was assessed 

using the Live/Dead Viability/Cytotoxicity kit for mammalian cells (Invitrogen, Waltham, MA, 

USA). Saos-2 cells were seeded on the Ti-BMG disks as described in section 2.4.1. After 3 

days of incubation, the assay was performed following the manufacturer’s protocol. Live/dead 

images of 8 random regions within the whole Ti-BMG disk were captured by an Olympus IX71 

inverted microscope with epifluorescence. Live/dead images were analyzed using CellProfiler 

(4.2.5) software to systematically count the number of live and dead cells. Saos-2 cell 

proliferation was evaluated by performing an Alamar Blue cell viability test (Thermo Fisher 

Scientific, USA) at incubation days 1, 3, and 7. After 24 h of cell seeding, Ti-BMG disks with 

adhered cells were transferred to a new well to discard the cells growing on the bottom of the 

well. Fresh medium with 10% Alamar Blue was added into each well, and cells were incubated 

under standard conditions in the dark for another 4 h. The supernatant was then collected, and 

fresh medium was added to the well plate to keep the culture going. 200 μL of the supernatant 

was transferred to a black-bottom Greiner CELLSTAR® 96-well plate (Sigma-Aldrich, Saint 

Louis, MO, USA), and the fluorescence was determined at 590 nm wavelength after excitation 

at 560 nm on a Spark multimode microplate reader (Tecan, Männedorf, Switzerland). The assay 

was repeated after 3 and 7 days. Fluorescence values on days 3 and 7 were normalized to values 

obtained from day 1. Experiments were performed in triplicate, and each has two technical 

replicas. 

Cell Morphology and Cell Adhesion Analysis: The same samples from the cell viability assay 

were prepared for SEM imaging (Zeiss Merlin) with SE2 detector to study the influence of 

pattern designs on cell morphology. Ti-BMG disks with adhered cells were rinsed twice in 

phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde (Sigma) in PBS for 45 min at 

RT, and washed twice in PBS. Cell dehydration was performed by increasing ethanol 
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concentrations (50, 70, 90, and twice 100%) for 5 min each. Lastly, samples were dried using 

hexamethyldisilazane (Electron Microscope Science) for 15 min and were ready for SEM 

imaging. Cell adhesion was inspected through the actin filaments distribution. Saos-2 cells were 

seeded on the Ti-BMG disks as described in section 2.4.1. After 3 days of incubation, the actin 

cytoskeleton was labeled with phalloidin (Invitrogen), while nuclei were stained with DAPI 

(Invitrogen). The staining was performed following the manufacturer’s protocol. Fluorescence 

images were taken using a confocal laser scanning microscope (CLSM, Confocal Leica SP5, 

Leica Microsystems GmbH). One disk was analyzed for each surface topography. Quantitative 

morphometric analysis from the confocal images was performed using CellProfiler (4.2.5) 

software to evaluate the area, eccentricity, form factor, and solidity of cytoskeleton and nucleus. 

Statistical Analysis: Vickers hardness and contact angle are presented as a mean ± standard 

deviation (SD). Shear and bulk modulus from resonant ultrasound spectroscopy are presented 

as a mean ± uncertainty. Results from the Alamar Blue assay and live/dead cell viability kit are 

presented as a mean ± standard error (SE). Quantitative morphometric analysis from 

DAPI/phalloidin staining images is presented as a mean ± standard deviation (SD). All 

statistical analyses were evaluated by one-way analysis of variance (ANOVA) and Tukey post 

hoc comparison using the software OriginPro 2019b (9.6.5). Differences were considered 

statistically significant for p-values < 0.05. (denoted by: *p <0.05; **p <0.01; ***p <0.001) 
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Publication II ‒ Supporting Information 

 

Figure S1: Nano-protrusions on square micro-protuberances for the hierarchical structure: (a) 

Counts via ImageJ (Fiji 1.54d). (b) Histogram of counting results.  

 

Figure S2: CLSM images of Saos-2 cells on the micro-patterned sample: (a) Spots with weak 

fluorescence signal (black spots) were deformations of the nucleus due to the micro-pattern. (b) 

Some cells develop filopodia parallel to each other to align with the direction of the micro-

pattern. 
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Figure S3: Record of the process parameters (applied force and displacement) for the 

thermoplastic forming (TPF) process of the hierarchical structures. The displacement includes 

the thermal expansion of the compression test machine. 
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Abstract 

Hydrogen is a promising energy carrier for replacing fossil fuels, and hydrogen production via 

hydrogen evolution reaction (HER) is an environmentally friendly option if electrocatalysts 

with low overpotentials and long-term stability are used. In this work, the electrocatalytic 

performance of Pt57.5Cu14.7Ni5.3P22.5 bulk metallic glass (BMG) with flat, micro-patterned, and 

nano-patterned surfaces for HER in 0.5 M H2SO4 is studied. The nano-patterned Pt-BMG 

demonstrates outstanding long-term stability and self-improving behavior with a final 

overpotential of 150 mV and a Tafel slope of 42 mV dec‒1 after 1000 linear sweep voltammetry 

(LSV) cycles, which is respectively 42% and 37% lower than in the first LSV cycle. X-ray 

photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES) indicate the 

formation of a layer of CuO/Cu2O foam deposited on top of the nano-patterned surface during 

the stability test of 1000 LSV cycles. A three-step process is proposed to explain the formation 

of CuxO foam via dynamic hydrogen bubble templating (DHBT) electrodeposition from Cu 

dissolution of the Pt-BMG without using copper salt. This work provides a method to create 

CuxO foams that could be used for various applications. Moreover, nano-patterned BMGs with 

DHBT deposition offer a feasible strategy to synthesize metal or metal-oxide foams. 

 

1. Introduction 

Energy is an inseparable part of modern life, and it is required to perform virtually all human 

activities, from personal devices to the socio-economic development of a country.1–3 Hydrogen 

(H2) emerges as a viable energy carrier for both storage and transportation due to its notable 

benefits, including high energy density ( 140 MJ/kg), versatile applicability, and zero carbon 

emissions if produced by renewable energy sources.1,3–6 For efficient and sustainable hydrogen 

production, the hydrogen evolution reaction (HER) from water electrolysis is the most feasible 

option.7–11 However, a highly active and long-lasting catalyst is essential to accelerate the 

production of hydrogen gas by HER.12 Pt-based materials have been proven to be the most 

efficient catalysts for HER in acidic electrolytes, yet their high cost, poor stability, and scarcity 

severely limit their wide spread utilization.8,13–15  

Dynamic hydrogen bubble templating (DHBT) electrodeposition is a technique that uses the 

evolving hydrogen bubbles in HER as a dynamic template to synthesize porous metal 

foams.16,17 During DHBT electrodeposition, metal electrodeposition and hydrogen evolution 

happen simultaneously at a cathode with a high overpotential. Consequently, hydrogen bubbles 
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act as a dynamic template, obstructing metal ion‒cathode contact, so that metal ions can only 

be deposited between bubbles, creating porous metal structures.16,17 

Bulk metallic glasses (BMGs) have unique mechanical, physical, and chemical properties 

compared to crystalline alloys, thanks to their disordered atomic structure.12,18–20 BMGs can be 

shaped and patterned via thermoplastic forming (TPF) which is based on viscous flow in their 

supercool liquid region (SCLR).21–25 Noble metal-based BMGs, such as Pt- and Pd-based 

BMGs, have been used in jewelry and implant applications.18,21 For HER applications, BMGs 

could be a strategy to alleviate the cost issues of noble elements in the catalysts by forming 

alloys with other inexpensive metals.8,25 Previous studies have revealed that Pd-based BMG 

catalysts, such as nano-structured Pd40.5Ni40.5Si4.5P14.5 BMG and Pd40Ni10Cu30P20 MG ribbons, 

have two unusual characteristics: (i) a self-stabilizing behavior under long-term static 

overpotentials and (ii) an improved activity as the number of cyclic voltammetry (CV) cycles 

increases due to selective dealloying.9,26–28 These characteristics of Pd-based BMG catalysts 

are beneficial compared to the deteriorating activity found for polycrystalline Pd-alloys.9,12,26,28–

32 Most electrocatalytic research on Pt-based BMGs focuses on hydrogen oxidation reactions 

for fuel cells.12,23,24,33 The puzzle of Pt-based BMGs for HER in hydrogen production is still 

unexplored. 

This work explores the electrocatalytic performance of Pt57.5Cu14.7Ni5.3P22.5 BMG for hydrogen 

production upon HER. Pt57.5Cu14.7Ni5.3P22.5 BMG specimens with flat, micro-patterned, and 

nano-patterned surfaces were created through TPF. Superior electrocatalytic properties of 

nanorod-patterned Pt-BMG were observed in linear sweep voltammetry (LSV), Tafel plots, 

electrochemical impedance spectroscopy (EIS), and cyclic voltammograms. Furthermore, 

nanorod-patterned Pt-BMG shows a remarkable improvement as the number of LSV cycles 

increases in the stability tests. Scanning electron microscopic (SEM) images, X-ray 

photoelectron spectroscopy (XPS), and Auger electron spectroscopy (AES) reveal that a layer 

of CuO/Cu2O (CuxO) foam forms after 1000 cycles, covering the Pt57.5Cu14.7Ni5.3P22.5 nano-

patterns. A three-step process is proposed to explain the formation of the CuxO foam without 

using copper salt via DHBT electrodeposition from the Cu dissolution of Pt-BMG. Overall, our 

results reveal that nano-structured Pt-based BMG opens a new possibility of creating high-

efficiency and long-term stability electrocatalysts for hydrogen generation. 
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2. Materials and Methods 

2.1. Casting of Pt57.5Cu14.7Ni5.3P22.5 BMG 

Pt57.5Cu14.7Ni5.3P22.5 BMG was produced via induction-melting and tilt-casting. High-purity 

elements (> 99.95%) were used to alloy a feedstock of Pt57.5Cu14.7Ni5.3P22.5 (Pt-BMG) in an 

induction furnace, where the phosphorus losses due to evaporation were minimal. The feedstock 

was cast into a Pt-BMG rod with 6 mm diameter and 100 mm length by tilt-casting into a copper 

mold. No fluxing chemicals were added, and all melting and casting processes were carried out 

in a high-purity argon protective environment. The as-cast rod was cut into disks with 0.8 mm 

thickness. The disks from the bottom, middle, and top sections of the as-cast rod were 

characterized by X-ray diffraction (XRD) using a Bruker D2 Phaser diffractometer with Co Kα 

radiation (λ = 0.17889 nm) to prove the amorphous structure of the whole as-cast rod. No 

crystallinity was detected in any of the Pt-BMG disks. The disks were ground and mirror-

polished to a thickness of roughly 0.7 mm to eliminate potential surface oxidation and to 

guarantee parallel surfaces for TPF processing. 

 

2.2. Thermoplastic Forming of Pt57.5Cu14.7Ni5.3P22.5 BMG 

The TPF apparatus utilized in this study was inspired by previous work by Schroers et al.34,35 

The setup is based on a compression machine (Zwick Z100, ZwickRoell GmbH & Co. KG) 

with ad-hoc components, featuring upper and lower anvils fitted with heating cartridges, a PID 

controller for process control, and water-cooling circulation to protect the load cells from the 

heat. A polished Pt57.5Cu14.7Ni5.3P22.5 BMG disk with a diameter of 6 mm and a thickness of 

around 0.7 mm was placed on a template. The Pt-BMG disk was then heated to the SCLR (253 

± 2°C) and imprinted from the template. Table 1 shows the TPF processing parameters. Pt-

BMG samples with different surface topographies of flat, micro-rods, and nano-rods were 

fabricated using different templates. Flat surfaces served as references and were imprinted using 

a mirror-polished (roughness less than 1 µm) stainless steel sheet foil as template. Micro-rods 

were imprinted using macro-porous silicon templates (Si mold) with 2.5 µm pore diameter and 

4.2 µm interpore distance (SmartMembranes GmbH). Nano-rods were imprinted from nano-

porous alumina templates (AAO mold) with 90 nm pore diameter and 125 nm interpore 

distance (SmartMembranes GmbH). Silicon templates were dissolved in KOH solution (1.5 M), 

while alumina templates were dissolved in phosphoric acid solution (5% w/w). 



Fei-Fan Cai Publications and Appendix 

121 

Table 6: TPF processing parameters. 

Nomenclature Topography 
Max. 
Force 
[kN] 

Loading 
Rate 

[kN min-1] 

Loading 
Time 

[Minute] 

Holding 
Time 

[Minute] 

Flat Flat 5.6 ± 0.2 5.6 1 10 

Micropattern 
(Micro) 

Micro-rods 1.4 ± 0.2 0.7 2 4 

Nanopattern 
(Nano) 

Nano-rods 5.6 ± 0.2 5.6 1 6 

 

2.3. Electrochemical Measurements  

The electrochemical measurements were conducted in a three-electrode glass cell at room 

temperature. A RE-1BP type Ag/AgCl reference electrode with a ceramic junction filled with 

3 M KCl electrolyte (+0.195 V vs. reference hydrogen electrode (RHE)) and a 0.5 mm diameter 

23 cm long Pt wire ring were used as reference and counter electrodes, respectively. The 

samples for the electrochemical measurements were subsequently sonicated in acetone, 

isopropyl alcohol, and water for 5 minutes each, then dried by hot air. For the micro- and nano-

patterned samples, in order to eliminate the signal of the back side, the back side of the samples 

was painted with varnish. The electrochemical measurements were carried out with a Gamry 

Interface 1010E Potentiostat/Galvanostat/ZRA. Samples were submerged into 0.5 M H2SO4 

solution. Once the open circuit potential (OCP) became steady (i.e., maximum of 5 mV change 

with 1 h), and electrochemical impedance spectroscopy (EIS) was performed at OCP (─0.356 V 

for flat, ─0.428 V for micro-patterned, and ─0.306 V for nano-patterned samples, respectively) 

at an AC amplitude of 0.01 V recorded from 100000 to 0.1 Hz. Electrochemically active surface 

area (ECSA) of flat, micro, and nanofeatured samples were measured by cyclic voltammetry 

(CV) before and after HER measurements. Subsequently, linear sweep voltammetry (LSV) was 

conducted with the same electrodes at a scan rate of 0.005 V s─1 with potentials starting from 

─1.2 V to 0.3 V with a shift in the onset potential of 0.4 V at every cycle until ─0.2 V. Among 

these measurements, LSV from ─1.0 V to 0.3 V was displayed, and Tafel slope values were 

calculated from these curves, which were drawn with respect to the ECSA calculations. The 

change in ESCA after 1 LSV cycle is extremely small (within error limits of %5) and hence can 

be ignored. After LSV was finished at the 1st and 1000th cycle, EIS was performed again under 

the same conditions. Suitable electrochemical circuit models (ECMs) were built and simulated 

in ZSimpWin V 3.10 (AC Impedance data analysis software). In order to measure the 

electrochemically active surface area (ECSA), the cyclic voltammetry (CV) scan was done with 
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the TPF-prepared samples between ─0.1 V and 1.2 V (negative to positive) at a scan rate of 

0.02 V s─1. Stability measurements were performed on a fresh nano-patterned sample between 

─0.8 V and 0.2 V at 0.02 V s─1 for 1000 LSV cycles. The last measurement was done with 

0.005 V s─1 to measure the Tafel slope. 

 

2.4. Surface Characterization  

Overview images of the sample disks were recorded with confocal laser scanning microscopy 

(CLSM-Olympus LEXT OLS4100). The surface topographies of Pt-BMG specimens were 

imaged with 30° tilt via scanning electron microscopy (SEM- Zeiss LEO type 1525) using an 

In-Lens detector. The cross-section for SEM imaging was prepared using an Ion Milling System 

(E-3500, Hitachi) at an acceleration voltage of 6 kV and a discharge voltage of 4 kV for 8 hours. 

The ion-polished cross-sections were investigated by SEM (SEM Magna, Tescan) and energy 

dispersive X-ray spectroscopy (EDX; XFlash 6-60, Bruker corporation). X-ray photoelectron 

spectroscopy (XPS) analysis was carried out to investigate the chemical composition of the 

passive films formed on nano-patterned samples after 1 and 1000 LSV cycles (a flat sample 

was used as reference). To capture XPS spectra, a PHI 5600 spectrometer (Physical Electronics) 

with an Al Kα monochromatic X-ray source (200 W) was used. For high-resolution scans, a 

pass energy of 29 eV was applied. A neutralizer was engaged to avoid charging effects. The 

binding energy is referenced to C1s 284.8 eV. The collected XPS data was fitted using the 

Unifit software. Auger electron spectroscopy (AES) analysis was implemented on the nano-

patterned sample after 1000 LSV cycles for chemical analysis of the surface. The spectrometer 

(JEOL JAMP 9500F, Tokyo, Japan) is equipped with a hemispherical analyzer and operated 

with 10 kV and 10 nA electron beam conditions. The samples were sputter-cleaned for 30 

seconds prior to the AES measurements to eliminate possible contamination. The argon ions 

were accelerated with 2.1 keV, leading to an estimated sputter rate of 6 nm/min (calibrated to 

100 nm SiO2 from Si). 

 

 

 

 

3. Results 
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3.1. Surface Topography of the Pt-BMG Electrocatalysts 

The Pt57.5Cu14.7Ni5.3P22.5 BMG electrocatalysts with flat, micro-patterned, and nano-patterned 

surfaces were fabricated via the TPF technique. The resulting samples are shown in Figure 1. 

The flat samples (Figures 1(a-c)) have a diameter of around 11 ± 0.1 mm and a thickness of 

0.16 ± 0.1 mm and a smooth surface topography. The micro-patterned samples (Figures 1(d-f)) 

have a diameter of about 7.6 ± 0.1 mm and a thickness of 0.20 ± 0.1 mm, with a mico-rod array 

surface feature. The micro-rods are 2.5 µm in diameter with a 4.2 µm inter-rod distance, and a 

1.7 µm gap between each other. The nano-patterned samples (Figures 1(g-i)) have a diameter 

of around 10.5 ± 0.1 mm and a thickness of 0.17 ± 0.1 mm, and exhibit a nano-rod array surface 

features. The nano-rods have a diameter of 90 nm, a 125 nm inter-rod distance, and a 35 nm 

gap between each other.  

 

Figure 36: Thermoplastic formed Pt57.5Cu14.7Ni5.3P22.5 BMG with (a-c) a flat surface, (d-f) a micro-rod surface, 

and (g-i) a nano-rod surface. (a)(d)(g) show overview images of the entire BMG disk from CLSM, while (b)(e)(h) 

and (c)(f)(i) exhibit SEM images at 10k and 50k magnification, respectively. 

3.2. Electrochemical Hydrogen Evolution Kinetics 
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In order to reveal the electrochemical hydrogen evolution kinetics of flat, micro-patterned, and 

nano-patterned samples, LSV cycles were performed (Figure 2(a)). The ECSA values of flat, 

micro-patterned, and nano-patterned samples are 1.936 mm2, 2.886 mm2, and 2.598 mm2, 

respectively. Based on the ECSA calculations, the overpotential E (V vs. RHE) required to 

deliver a current density of J = ─10 mA cm‒2 for the flat, micro-patterned, and nano-patterned 

samples is ─0.48 V, ─0.37 V, and ─0.30 V, respectively. All samples reached chemical 

equilibrium close to 0 mA cm─2 at ~ ─0.1 V. Compared to the flat samples (145 ± 2 mV dec─1), 

the Tafel slopes determined from the relatively straight region of the cathodic region evidence 

a decrease for the micro-patterned samples (86 ± 2 mV dec─1), as shown in Figure 2(b). The 

Tafel slope further decreases to 67 ± 1 mV dec─1 for the nano-patterned samples. This reveals 

that a smaller overpotential range is needed to change the current density by one order of 

magnitude (decade), confirming an acceleration of the hydrogen evolution reaction.36,37   

 

Figure 37: Results of electrochemical studies of Pt57.5Cu14.7Ni5.3P22.5 BMG electrocatalysts in 0.5 M H2SO4 

electrolyte: (a) LSV of the flat, micro-patterned and nano-patterned samples, and (b) their corresponding Tafel 

curves. (c) The Bode magnitude plot of the samples before and after 1 cycle LSV. (d) Electrochemical cycling 

performance tests for 1000 cycles. (e) The Tafel curves of the nano-patterned sample in the 1st and 1000th cycle. 

(f) The Bode magnitude plot of nano-patterned samples between fresh (Nano.), one cycle (Nano.1cycle) and 

1000th cycle (Nano.1000cycle) states. 
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The stability of the electrodes can be measured using electrochemical cycling performance 

tests. The nano-patterned samples were selected due to their lowest Tafel slope and smallest 

absolute overpotential for HER. Figure 2(d) depicts the evolution of the LSV curves of the 

nano-patterned samples under 1000 cycles. Up to 50 cycles, the absolute overpotential |E| 

increases slightly. However, after this point, the absolute overpotential |E| decreases 

significantly for 1000 cycles, corresponding to the overpotential required to achieve a current 

density of J = ─10 mA cm−2 shifts from ─0.26 V at the 1st cycle to ─0.15 V at the 1000th 

cycle. The ECSA values increased from 1.984 mm2 to 3.247 mm2 after 1000 LSV cycles. The 

decrease in the absolute overpotential also affects the Tafel slopes (Figure 2(e)), which vary 

from 67 ± 1 mV dec−1 to 42 ± 1 mV dec−1. These remarkable small values are comparable to 

the benchmark materials in HER electrocatalysis (Table S1).38–40   

The nano-patterned Pt-BMG shows a self-improvement behavior in electrocatalytic 

performance after 1000 LSV cycles. Additional stability tests for 200 LSV cycles (with samples 

positioned horizontally) were conducted to compare the self-improvement behavior of flat, 

micro-patterned, and nano-patterned Pt-BMGs. Figure S1 shows that after 200 LSV cycles, 

only the nano-patterned sample has the absolute overpotential |E| decreased by 8% for J = ‒10 

mA cm−2. In contrast, the absolute overpotential |E| of the flat and micro-patterned samples 

increases by 41% and 19%, respectively. Therefore, nano-patterned Pt-BMGs outperform their 

flat and micro-patterned counterparts regarding lower absolute overpotential, smaller Tafel 

slope value, and long-term stability for HER applications. 

The Bode magnitude plot in Figure 2(c) shows distinct differences before and after the first 

LSV cycle. For flat and micro-patterned samples, decreases in the magnitude |Z| at the mid-to-

low frequency range (<1000Hz) are observed. Interestingly, for the nano-patterned samples, 

the magnitude |Z| at the near-DC range (<10 Hz) increases after the first LSV cycle. However, 

in Figure 2(f), the magnitude |Z| of the 1000th cycle (Nano.1cycle) is lower than fresh (Nano.) 

and one cycle (Nano.1cycle) states, which is the case for almost the entire overall frequency 

range, yet approaching the one cycle state at the lowest frequency.  

 

3.3. Analysis of an Equivalent Circuit Model (ECM) from EIS Measurements  

The EIS data from Figure 2(c, f) were further fitted by a R(QR) equivalent circuit model (ECM) 

for the flat samples and by a R(Q(R(QR))) ECM for the micro- and nano-patterned samples 

(Table 2). The R(QR) model for the flat samples includes a solution resistance Rs, a charge 
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transfer resistance Rct, and a constant phase element (CPE) Qdl for the double-layer capacitance. 

Besides Rs, Rct, and Qdl, the R(Q(R(QR))) model for the micro- and nano-patterned samples 

adds a patterned layer CPE Qpl and a patterned layer resistance Rpl to enhance the fit quality as 

well as to analyze the influence of surface modifications due to patterning. It is worth noting 

that CPE is used to account for the non-ideal behavior of the charged interface.41,42 The 

impedance of CPE is defined as ZCPE = 1/Y0(jω)n, where Y0 is CPE parameter and n is CPE 

exponent.43 Hence, Qdl-Y0 and Qdl-n are the CPE parameter and the CPE exponent of the 

double-layer, respectively. Qpl-Y0 and Qpl-n are the CPE parameter and the CPE exponent of 

the patterned layer, respectively. 

Table 7: ECM of the samples before and after LSV cycles. Rs: solution resistance, Qdl-Y0: constant phase element 

(CPE) parameter of the double-layer, Qdl-n: CPE exponent of the double-layer, Rct: charge transfer resistance, Qpl-

Y0: CPE parameter of the patterned layer, Qpl-n: CPE exponent of the patterned layer, Rpl: resistance of the 

patterned layer, χ2: chi-squared. 

Sample 
Circuit 

Model 

Rs 

(Ω cm2) 

Qdl-Yo 

(S sn cm-2) 

Qdl-n 

(-) 

Rct 

(Ω cm2) 

Qpl-Yo 

(S sn cm-2) 

Qpl-n 

(-) 

Rpl 

(Ω cm2) 
χ2 

Flat. 
 

5.6 2.2 × 10-5 0.87 1064 - - - 2.1 × 10-3 

Flat. 

1cycle 
5.7 3.8 × 10-5 0.81 263 - - - 1.3 × 10-3 

Micro. 

 

10.3 7.0 × 10-6 0.91 808 2.9 × 10-6 0.83 10.4 9.2 × 10-3 

Micro. 
1cycle 

9.9 1.4 × 10-5 0.82 236 6.8 × 10-6 0.76 9.0 1.1 × 10-3 

Nano. 4.2 8.5 × 10-6 0.92 182 5.0 × 10-6 0.88 6.6 1.8 × 10-3 

Nano. 
1cycle 

4.5 1.5 × 10-5 0.89 299 1.4 × 10-5 0.73 8.1 9.5 × 10-4 

Nano. 
1000  
cycle 

4.8 1.0 × 10-3 0.71 649 1.3 × 10-3 0.79 7.5 1.4 × 10-3 

 

As illustrated in Figure 2(c, f), the fitting curves exhibit a high degree of correlation with the 

Bode magnitude plots derived from the EIS data within the measured frequency range. The 

solution resistance Rs deviates very slightly, and the values are negligible, confirming that the 

system is mainly influenced by the electrochemical reactions. For the double-layer capacitance 

Qdl, there is an increase in the CPE parameter Qdl-Y0 for all the samples, whereas the CPE 

exponent Qdl-n decreases slightly after HER. The significant decreases in the charge transfer 
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resistance Rct for the flat and micro-patterned samples dominate their decreases in the 

magnitude of the impedance in Figure 2(c). 

The patterned layer CPE Qpl in the circuit reflects the response of the micro- and nano-patterns. 

The CPE parameter Qpl-Y0 of the micro-patterns increases significantly with a dramatic 

decrease in the relevant CPE exponent Qpl-n. Rpl varies slightly, but the values are generally 

quite low, revealing that electron transfer happens extremely fast on such patterned surfaces.  

Regarding the nano-patterned samples, especially after 1000 cycles, Qdl-Y0 and Qpl-Y0 increase 

by two orders of magnitude after 1000 LSV cycles, which could be attributed to the ion 

accumulation. The notable decrease in Qdl-n implies a substantial deviation from ideal 

capacitive behavior. Rct increases by more than twofold, suggesting increased difficulty for ions 

to cross the electrode-electrolyte interface. These observations provide support for the 

subsequent conclusion that a porous layer has formed on top of the Pt-BMG nanorods after 

1000 LSV cycles. 

 

3.4. Surface Characterization After 1000 Cycles  

As shown in Figure 3, the surfaces of the nano-patterned samples were characterized after 1 

and 1000 LSV cycles by multiple complementary methods to find the reason for the improved 

electrocatalytic performance. X-ray photoelectron spectroscopy (XPS) allows for the analysis 

of the elemental chemical states on the material surface. The Pt4f spectrums are revealed in 

Figure 3(a), where sputter-cleaned and untreated Pt foils are provided as references for the Pt-

metal and Pt-oxide, respectively. The Pt-metal has a characteristic doublet at ∼71 and ∼74 eV, 

while Pt-oxide has a second doublet at ∼72 and ∼75 eV.23,44 Hence, the Pt in the Pt-BMG after 

1 LSV cycle is in a metallic state, similar to the sputter-cleaned Pt foil, and the slightly different 

FWHMs are due to the more heterogeneous environment in the BMG compared to the pure 

metal. Interestingly, no Pt signal is detected on the BMG surface after 1000 LSV cycles.  

Regarding the Cu2p spectra, it has been reported that Cu-metal and Cu+ have signals at ∼932 

and ∼952 eV, whereas Cu2+ has signals at ∼934 and ∼954 eV.17,45–47 As shown in Figure 3(b), 

the BMG surfaces after both 1 LSV cycle and 1000 LSV cycles show prominent signals 

associated with Cu-metal/Cu2O (at ∼932 and ∼952 eV) and CuO (at ∼934 and ∼954 eV) while 

more substantial satellite peaks indicating a mixture of CuO and Cu(OH)2 are found for the 

sample after 1000 cycles. It is worth noting that the Cu2p signals for Cu2O or Cu-metal are 
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challenging to distinguish in this case. Generally, the Cu content is higher after 1000 cycles 

than after 1 cycle, and no Pt is detected after 1000 cycles. Even after 1 LSV cycle, Ni and P 

signals were not detected from XPS on the surface of the flat and the nano-patterned Pt-BMGs. 

AES was used to clarify the composition of the surface of the nano-patterned Pt-BMG after 

1000 LSV cycles. Figure S2(a) provides a representative SEM image with markers of the local 

AES probing areas, and Figure S2(b) displays the spectra of Pt, Cu, C, and O. The forming 

surface foam on the nano-patterned Pt-BMG after 1000 LSV cycles contains CuO rather than 

Pt-BMG, supporting the XPS findings. 

 

Figure 38: Surface characterization of nano-patterned Pt57.5Cu14.7Ni5.3P22.5 BMG after 1000 cycles: (a)(b) XPS 

spectra of (a) Pt4f and (b) Cu2p. (c)(d) SEM images of the top view where (d) is the zoomed-in view of the 

dandelion-like CuO in (c). (e)(f) SEM images of the cross-section view showing dandelion-like CuO and smooth 

islands like CuO in (d) and CuO nanosheets in (e). 

The surface topography of nano-patterned Pt-BMG changes dramatically after 1000 LSV 

cycles, as displayed in Figure 3(c). The Pt-BMG nanorods shown in Figure 1(i) are covered by 

CuO/Cu2O with smooth island-like and dandelion-like topographies. The dandelion-like 

topography is composed of CuO/Cu2O with fur-like structures, leading to a porous structure, as 

revealed in Figure 3(d). Due to the high corrosion resistance of Pt in the electrolyte used, it is 

unlikely that the Pt-BMG nanorods dissolved in the electrolyte during the stability test. Hence, 

the ion-polished cross-section of the sample was inspected by SEM (illustrated in Figures 3(d-

e)), revealing that an about 1 µm thick layer of CuO/Cu2O foam forms on top of the Pt-BMG 
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nanorods. Several agglomerated CuO particles with only a few microns in size form above the 

deposited layer (Figure S3). The following topographies were found for the deposited 

CuO/Cu2O foam: (1) Smooth island-like CuO in Figure 3(c), (2) dandelion-like CuO in Figure 

3(d), and (3) CuO nanosheets in Figure 3(e).  

 

Figure 39: EDX elemental mapping of the cross-section of the nano-patterned Pt-BMG after 1000 LSV cycles. 

(a) The representative SEM image. (b-e) Elemental mapping of (b) Pt, (c) Cu, (d) Ni, and (e) P. (f) EDX line scan 

profile of (a).  

The cross-section and the related EDX elemental distributions of the nano-patterned Pt-BMG 

after 1000 LSV cycles are shown in Figure 4. The EDX mapping confirms that the newly 

deposited layer mainly comprises Cu, as illustrated in Figure 4(c). It is worth noting that the 

elemental distribution also shows high Ni contents in the deposited layer, which is an artifact 

of the overlapping spectrum with Cu (Figure 4(d)). In Figure 4(f), the line scan profile of the 

cross-section reveals that the newly deposited layer has a thickness of around 1 µm. The upper 

deposit layer is mainly composed of C and O, which can be attributed to carbon contamination 

from hydrocarbon adsorption of the atmosphere. In contrast, the lower deposit layer mainly 

consists of Cu, which belongs to the CuO/Cu2O layer identified by XPS and AES analysis. 

 

4. Discussion 
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The efficiency of HER is higher in an acidic electrolyte because of an abundance of protons 

accessible for instantaneous charge and discharge in the acidic medium compared to an alkaline 

medium.38 However, weak stability and insufficient corrosion resistance of electrocatalysts are 

usually the main challenges for commercial-scale applications with long-term operation 

times.38,39,48 Therefore, an ideal electrocatalyst for water splitting should have a low 

overpotential, a low Tafel slope value, a large exchange current density, and long-term 

stability.38,48 The nano-patterned Pt-BMGs have lower overpotential and smaller Tafel slopes 

than their flat and micro-patterned counterparts. Moreover, in the stability test, the nano-

patterned Pt-BMGs demonstrate self-improvement characteristics in electrocatalytic 

performance after 1000 LSV cycles. Combining the findings of the EIS, XPS, AES, SEM, and 

EDX analyses indicates that a CuxO layer forms on the top of Pt-BMG nanorods after 1000 

LSV cycles.   

Firstly, the EIS data and ECM fitting of the nano-patterned Pt-BMG show that after 1000 LSV 

cycles compared to 1 LSV cycle, (1) the CPE parameters of the double-layer (Qdl-Y0) and the 

patterned layer (Qpl-Y0) increase by two orders of magnitude, and (2) the charge transfer 

resistance (Rct) increases more than twice, implying the deposition of an porous layer on the 

surface (Table 2). XPS and AES analyses further show that this extra surface layer mainly 

consists of CuxO from HER. Since the CuxO layer is deposited on top of the Pt-BMG and covers 

the entire surface, surface-sensitive methods like XPS can not detect the Pt signal from the 

nano-patterned Pt-BMG after 1000 LSV cycles. Finally, the SEM images from the top view 

and the cross-section reveal that a CuxO layer was deposited on top of the Pt-BMG nanorods. 

The formed CuxO layer has a thickness of about 1 µm, and three types of topographies are 

observed: (1) Smooth islands, (2) dandelion-like structure, and (3) nanosheets. The EDX 

elemental distribution further confirms carbon contamination (from hydrocarbon adsorption of 

the atmosphere) of the upper deposition layer and a Cu-rich layer on the lower deposition side. 

The following sections discuss how the CuxO layer was deposited and how it improves the 

HER. 

 

4.1. How Is CuxO Deposited on the Nano-patterned Pt-BMG During LSV Scans?  

A three-step mechanism is proposed to explain the formation of a porous CuxO layer on the 

nano-patterned Pt-BMG during LSV cycles (Figure 5): (i) dissolution of Cu from Pt-BMG in 

the low overpotential section, (ii) re-deposition of Cu foam via dynamic hydrogen bubbles 
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templating (DHBT) electrochemical deposition in the high overpotential section, (iii) oxidation 

of the deposited Cu to CuxO during the low overpotential section of the LSV cycle. 

 

Figure 40: Proposed mechanism of Cu dissolution and CuO/Cu2O foam formation on the nano-patterned Pt-BMG. 

In the first step, Cu electro-dissolution occurs from the nano-patterned Pt57.5Cu14.7Ni5.3P22.5 

BMG under cathodic polarization conditions during the low overpotential part of LSV scans, 

providing a source of Cu ions at the surface–electrolyte contact.47 According to the conventional 

Pourbaix diagram of Cu, it is unlikely that Cu will dissolve under our experimental conditions 

(potential: ─0.8 to 0.2 V vs. RHE; electrolyte: 0.5 M H2SO4). However, conventional Pourbaix 

diagrams are restricted to the bulk form of pure metals and have limitations in determining 

dissolution rates.49 For instance, Taylor et al. illustrated a drastically negative shift of the 

dissolution balance potential in the Pourbaix diagram for Cu nanomaterials because a large 

number of surface atoms with low coordination in nanomaterials have strong adsorption with 
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water, oxygen, hydrogen, and hydroxyl ions, which could decrease the ionization potentials of 

the surface Cu atoms, as shown in Figure S4(a).50,51 Therefore, the surface morphology of the 

nano-patterned samples with 90 nm diameter nano-rods has a higher tendency to dissolve Cu 

from Pt-BMG into the surrounding electrolyte than the flat and micro-patterned (2.5 µm 

diameter micro-rods) samples. Moreover, Kreizer et al. reported that in acidic solutions with 

trace oxygen, Cu dissolution occurs under even milder cathodic polarization conditions (─0.40 

to ─0.70 V vs. the standard hydrogen electrode (SHE)).47,52,53 Because the evolving hydrogen 

bubbles stir the electrode/interface layer and make the electrode more accessible to oxygen, the 

Cu dissolution rate is increased by the formation/dissolution of adsorption-complex 

CuxOx/2.47,52,53 Their studies also showed that oxygen exposure is critical for Cu dissolution 

because of the required intermediate products (CuxOx/2), and Cu dissolution could not occur in 

deaerated media.53 The synergy effect incorporating (a) the negative shift of the dissolution 

balance potential from the nano-pattern and (b) the oxygen exposure due to the perturbed 

electrode/electrolyte layer from the evolved hydrogen bubbles, facilitates the nano-patterned 

Pt-BMG to leach Cu2+
(aq) ions, providing the source for re-deposition in the next step.  

In the re-deposition step, during the high overpotential section of LSV scans, the dissolved 

Cu2+
(aq) ions are reduced to the metallic form on the electrode (Cu2+

(aq) + 2e‒ → Cu(s)) while the 

evolving hydrogen bubbles act as a depositing template. The concept of applying the evolving 

hydrogen bubbles during HER as a dynamic template to obtain 3D metal foams is known as the 

dynamic hydrogen bubble template (DHBT) method.16,17 When the HER occurs at a cathode 

with a high overpotential, metal electrodeposition and hydrogen evolution operate 

simultaneously; thus, hydrogen bubbles interfere with the contact between metal ions and the 

cathode, and metal ions can only be electrodeposited between bubbles, leading to porous metal 

structures.16,17 It has been reported that the surface topography of electrocatalysts influences the 

evolution of hydrogen bubbles via its hydrophilicity to water molecules and its aerophobicity 

to gas bubbles, respectively.25,54,55 It is observed during LSV cycles that the nano-patterned Pt-

BMG evolves smaller and faster hydrogen bubbles than the flat Pt-BMG (watch supplementary 

videos). Therefore, the surface pattern of Pt-BMG could be utilized to control the bubble 

formation rate and the bubble size during HER, thereby allowing further tuning of the pore size 

and density of the deposited Cu upon DHBT electrodeposition. 

Finally, there are two possible reasons why the deposited Cu is oxidized to CuxO (Cu2O/CuO). 

Firstly, during the vigorous HER, proton consumption at the electrode/electrolyte interface is 

substantial, leading to an increase in local pH.47,56 Since copper oxides are stable in alkaline 
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and neutral solutions, such an electro-dissolution mechanism would encourage the formation 

of copper oxides on the deposit.47 The other reason can be illustrated by a Pourbaix diagram of 

copper with the dashed line ‘‘a’’, as shown in Figure S4(b).57 At potentials above this dashed 

line ‘‘a’’ in hydrogen evolution, Cu oxidation could occur (2Cu + H2O → Cu2O + 2H+ + 2e−).57 

With this Pourbaix diagram, the re-deposited Cu foam can further oxidize when the LSV scan 

proceeds to the low overpotential section in the stability test. 

This three-step process provides a strategy to achieve a porous CuxO layer without using copper 

salt in the plating bath, opening another potential application for BMGs. In principle, any nano-

patternable BMG alloy that contains Cu and another element with a higher dissolution potential 

than Cu can form CuxO foams using the proposed three-step process. Hence, future research 

could focus on investigating more cost-effective BMG systems with high fragility to reduce 

production costs. Beyond hydrogen evolution applications, it would be interesting to further 

investigate the porous CuxO layer created in this work for other potential applications, such as 

gas sensing, supercapacitor, photocatalytic, and antibacterial applications.46,58–60 

4.2. How Does the Newly Deposited CuxO foam Enhance the HER Performance? 

The nano-patterned Pt-BMG already shows superior electrocatalytic performance to the flat 

and micro-patterned Pt-BMGs during the initial LSV scans, as revealed in Figures 1 and S2. It 

is expected that the CuxO layer has not formed yet during the initial LSV scans. Therefore, the 

superior electrocatalytic performance can be attributed to the surface topography of nano-rods. 

Nano-topographies have been reported to promote HER via hydrophilicity and 

aerophobicity.25,61,62 Consequently, the nano-patterned surface renders the Pt-BMG more 

hydrophilic and aerophobic compared with flat and micro-patterned specimens. The 

hydrophilic and aerophobic surfaces reduce the adhesion between hydrogen bubbles and the 

material surface, allowing bubbles to escape from the surface with a smaller bubble size.63 This 

enables rapid departure of the evolved hydrogen bubbles from the catalyst while preventing the 

bursting of large hydrogen bubbles (watch supplementary videos), which could deteriorate the 

structural integrity and stability of the catalyst.63 Moreover, hydrophilic surfaces generally 

possess higher mass transfer efficiency, increasing the possibility of collisions between water 

molecules and catalytic active sites.63 The zigzag nature of the LSV curves indicates hydrogen 

bubble formation, growth, and detachment. In Figure 2(a), the flat Pt-BMG displays more 

prominent zigzags in the LSV curve, indicating significant coalescence of hydrogen bubbles. 

On the contrary, the nano-patterned Pt-BMG has a smoother LSV curve than the flat Pt-BMG, 
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implying the evolution of small hydrogen bubbles on the nano-patterned surface. Thus, the 

nano-patterned surface has improved hydrophilicity and aerophobicity, elevating the turnover 

frequency of catalytic active sites that contribute to the HER. Further studies regarding bubble 

formation, growth, and detachment are required. 

As the LSV cycles progress during the stability test, the newly deposited CuxO foam builds on 

the nano-pattern of the Pt-BMG, further improving the HER performance. The impressive HER 

performance is attributed to the porous structures deposited, as discovered by SEM. These 

structures can strongly improve the ionic diffusion and electron transfer kinetics by increasing 

the surface area to volume ratio. As a result, the overpotential required to achieve a current 

density of J = ─10 mA cm−2 decreases by 42%, and the Tafel slope value is reduced by 37%.  

Several studies have reported that CuO- and Cu2O-derived materials exhibit respectable 

electrocatalytic and photocatalytic properties for HER.59,64–69 Other studies based on Pd-based 

MGs, amorphous TiCuRu alloys for HER, and Pt-BMGs for ethanol oxidation reaction (EOR) 

show self-stabilizing or self-improvement characteristics in catalytic performance via selective 

dealloying of Cu.23,25,27,70,71 Present work demonstrates that the dissolution of Cu and re-

deposition of CuxO foam on nano-patterned Pt-BMGs can be a strategy to enhance the catalytic 

activity and long-term stability for HER, uncovering a new mechanism for improving the 

durability of catalysts. As shown in Figure 2(d), the electrocatalytic performance improved 

significantly from 750 to 1000 cycles. The deposited CuxO foam exhibits significant self-

improvement with increasing LSV cycles. This indicates a potential for hydrogen evolution 

reaction (HER) applications, necessitating further in-depth studies on the long-term 

performance of nano-patterned Cu-containing BMGs. 

 

5. Conclusion 

This study focuses on the HER activity of flat and patterned Pt57.5Cu14.7Ni5.3P22.5 BMGs in an 

acidic environment. The results confirm a minimum Tafel slope of 67 ± 1 mV dec‒1 for the 

nano-patterned BMG. After 1000 LSV cycles of the same sample, the Tafel slope decreases by 

37%, with an overpotential reduction of 42%. The HER performance is attributed to a CuxO 

foam which forms on the nano-patterned surface, as confirmed by SEM, XPS, and EDX. This 

foam increases the surface area-to-volume ratio and provides more active sites, thereby 

enhancing the ionic diffusion and electron transfer kinetics significantly 
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A three-step process involving (i) dissolution of Cu from Pt-BMG in the low overpotential 

section, (ii) re-deposition of Cu foam via dynamic hydrogen bubbles templating (DHBT) 

deposition in the high overpotential section, and (iii) oxidation of the deposited Cu to CuxO, is 

proposed to explain how the CuxO foam forms on the nano-patterned Pt-BMG during the 

stability test. Metallic glass is utilized in DHBT electrodeposition with the help of nano-

patterning to fabricate porous metal-oxide foam without the need for metal salt. The resulting 

nanostructured catalyst exhibits high HER performance. More possibilities combining metallic 

glasses, thermoplastic patterning, and dynamic bubble templating as a new strategy for 

fabricating porous metal-oxide foams and self-improving catalysts still remain to be explored. 
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Nano.1000cycle sample; SEM images of agglomerated CuO particles on top of the deposited 

CuO layer; modified Pourbaix diagrams for Cu with green arrows marking the experimental 
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Publication III ‒ Supporting Information 
 

Table S1: The Tafel slope and overpotential ɳ at 10mA cm‒2 of some reported electrocatalysts for HER. 

Catalysts 
Tafel slope 
(mV dec─1) 

ɳ (mV vs. RHE)       
at J = 10 mA cm─2 

Stability Electrolyte Ref. 

Nanorods patterned 
Pt57.5Cu14.7Ni5.3P22.5 BMG 

42 150 
1000 
cycles 

0.5 M 
H2SO4 

This 
work 

Nanowires patterned 
Pd40Ni10Cu30P20 MG 

90.7 113 - 
0.5 M 
H2SO4 1 

Pristine Pt3Te4 49 46 - 
0.5 M 
H2SO4 2 

200 nm-thick Pt film 44.6 64.7 - 
0.5 M 
H2SO4 3 

Polycrystalline Pt electrode 31 73 - 
0.5 M 
H2SO4 4 

Pt/C 30 84 - 
0.5 M 
H2SO4 4 

Pt sheet 30 59 - 
0.5 M 
H2SO4 5 

Pure Pt 38 - - 
0.5 M 
H2SO4 6 

Ir25Ni33Ta42 MG film 35 99 
1000 
cycles 

0.5 M 
H2SO4 7 

Oxide-derived nanorods 
Pd40.5Ni40.5Si4.5P14.5 MG 

42.6 36 
40000 

sec 
0.5 M 
H2SO4 8 

Pd40.5Ni40.5Si4.5P14.5 MG plate 73.6 138 - 
0.5 M 
H2SO4 8 

Ni20Fe20Mo10Co35Cr15      
high entropy alloy 

41 107 8 hr 
0.5 M 
H2SO4 9 

Pd20Pt20Cu20Ni20P20 

high entropy MG 
44.6 62 100 hr 

0.5 M 
H2SO4 10 

Ni4.5Fe4.5S8 in bulk 72 280 
1000 
cycles 

0.5 M 
H2SO4 11 

PtCu/WO3@CF 45.9 41 
2000 
cycles 

0.5 M 
H2SO4 12 

CuO-modified stainless steel 52 154 
500 

cycles 
0.01 M 
H2SO4 13 

Cu/Cu2O foam with Ni 
nanoparticles 

50 290 
100 

cycles 
0.1 M 
H2SO4 14 

Hierarchical CuO 
nanoflowers 

67.4 1020 
50 

cycles 
0.5 M 
H2SO4 15 
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Porous Cu2O nanorods 106 184 20 hr 
1.0M    
KOH 16 

 

 

Figure S1: Additional stability tests comparing the overpotential ɳ (mV vs. RHE) at J = 10 mA cm‒2 of flat, 
micro-patterned and nano-patterned samples up to 200 LSV cycles. 

 

Additional stability test (experimental method): 

For additional electrochemical measurements, a Solartron XM ModuLab potentiostat was used 
in combination with a three-electrode cell. The samples were used as working electrode, and 
silver chloride (Ag|AgCl (E(Ag|AgCl) = 0.197 V vs. SHE) was used as reference electrode. Pt 
wire was used as counter electrode to complete the three-electrode cell setup. The samples were 
submerged in 0.5 M H2SO4 solution, and the open circuit potential (OCP) was monitored until 
it reached a steady state. Subsequently, linear sweep voltammetry (LSV) was performed from 
-1 V (vs. Ag|AgCl) to 0 V (vs. Ag|AgCl) with a scan rate of 0.02 V/s for 200 cycles on fresh 
flat, micro-patterned, and nano-patterned samples.  
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Figure S2: AES analysis of the Nano.1000cycle sample. (a) The representative SEM image with markers of 
selected area and (b) AES spectra of Pt, Cu, C, and O. 

 

Figure S3: SEM images of agglomerated CuO particles on top of the deposited CuO layer. (a) A CuO particle is 
deposited on the CuO layer. (b) A detailed image of the CuO particle. 
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Figure S4: Modified Pourbaix diagrams for Cu with green arrows marking the experimental condition. (a) Cu 
nanomaterials have a negative shift of the dissolution balance potential leading to a reduction in the immunity area 
and an expansion of both the passivity and corrosion areas. Reproduced with permission from Taylor et al.17 (b) 
A Pourbaix diagram features the oxidation reactions (2Cu + H2O → Cu2O + 2H+ + 2e−) at electrode potentials 
above the “a” line for hydrogen evolution. Reproduced with permission from Hamidah et al.18 
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Appendix 

1. Declaration on the use of AI-based tools in this dissertation 

Object 
Share of 

AI (in %) 
Tool/version Annotation Reference to prompting 

linguistic 

revision 
5 

Grammarly 

Premium 

Improve linguistic 

readability 

(i.e. orthographic, 

grammatical and 

stylistic help) 

oc.unileoben.ac.at/myprompts 

linguistic 

revision 
2.5 QuillBot Free Paraphrasing oc.unileoben.ac.at/myprompts 

linguistic 

revision 
2.5 DeepL Free Paraphrasing oc.unileoben.ac.at/myprompts 

 

2. Manual of the upgraded TPF apparatus described in section 4.3.2. 
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Manual of Heating Plates Add-ons for 

Zwick Z100 

Design for Thermoplastic Forming (TPF) 

 

Author: Fei-Fan Cai 

Email: feifan.cai.tec@gmail.com 

Components 
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1. Anvils / Adaptors & Fixation Pins / Heating Elements 

 

2. Water-Cooling System 

 

3. Heating Control Elements 
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Caution 
1. The user must have the proper training for Zwick Z100 by Anton Hohenwarter / 

Peter Kutlesa / the person in charge before working with this Heating Plate add-

on. 

2. Always turn on the water-cooling system before heating up the plate. 

3. Always check if there is a leak from the water-cooling system. 

4. The heating cartridges and the thermocouples must be fitted into the reserved 

holes before switching on the heating. Never start heating before fitting heating 

cartridges! 

5. The setup is designed for a maximum temperature of 500°C.   

6. Even though the Zwick Z100 is capable of 100kN, the maximum force of 90kN is 

recommended. (Add-on its own has weight) 

7. Be careful that anvils and water-cooling plates have sharp edges. Don’t cut your 

hands! 

8. Adaptors & fixation pins are stock components from Zwick Z100 and do not 

belong to this add-on. Please return them back to the correct place so others can 

find them! 

9. After the removal of the water-cooling add-on, the water tube connected to the tap 

needs to be put into the sink or bucket because the water tube will release a large 

amount of water even if the tap is closed. 
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Installation  
1. Make sure the Zwick Z100 is in the correct configuration and there is enough 

space between the upper and lower shafts to install the add-on. 

2. Find the adapters and fixation pins. Install adapters on the heating plate add-ons. 

3. A. Fit the heating plate add-ons to the shaft.  

B. Use the fixation pins to hold the add-ons.  

C. Rotate the locking rings to apply pressure on the fixations pins to fix the add-

ons. 

P.S: Please make sure the add-ons are install in the correct direction (water 

adaptors on the back!) and both two anvils are aligned to each other. 

 

4. There are three water pipes to install on water adaptors, one in blue, two in gray. 

 

5. Connect the short gray tube between the upper and lower water-cooling plates 

as shown in 5.A. 
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6. Connect the long gray tube to the lower cooling plate, as shown in 5.B, and fix 

the other end of the tube to the sink. 

7. Connect the blue tube to the upper cooling plate, as shown in 5.C, and connect 

the other end of the tube to the freshwater input tube. 

8. Turn on the water tap to check if the water-cooling system works properly and 

inspect if there is any leak. 

 

9. Place the bottom rack on the frame as shown in 9.A and then place the heating 

control box on the bottom rack as shown in 9.B. 

10. Fit heating cartridge 1 to the upper anvil and heating cartridge 2 to the lower 

anvil (larger holes). Fit the system thermocouples (both) into the small hole of the 

lower anvil. 

11.  Connect the plug of place the heating control box to the power socket. 

12.  Because the PID controller has only one input source (thermocouple) for two 

outputs (heating cartridge), it is recommended to add an external thermocouple to 

monitor the upper anvil (fit into the small hole) and another one for testing the 

sample temperature. 
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Operation 

 

1. Switch on the device with Main Switch and wait PID controller to be ready. 

2. Select oPER mode  Select SP1 to adjust setting temperature and press enter  

3. Before start the heating procedure, check if everything working properly. Ex: if 

water-cooling is ON and there is no leak? Do heating cartridges and 

thermocouples are fitted in the correct place? 

4. Switch on Heat Cartridge Switches (HC1 & HC2) and select RUN to start heating. 

5. Monitor the temperature from time to time, also with the external thermocouples. 

6. Important: The setting temperature is not equal to the sample temperature!  

Hence, it is necessary to calibrate / adjust your setting temperature to achieve your 

sample temperature. Ideally, the calibration should be done as similar as your 

experiments and before each experiment. Also consider the following factors: any 

materials and the gap between two anvils, apply some force to have better contact 

for heat conduction.    

7. Run your experiments; see section Zwick Control with Software. 

8. After your experiments, switch off the Heat Cartridge Switches. Select PAUS in 

PID. 

9a. If you want to keep the add-ons on the machine, switch off the Main Switch. 
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9b. If you want to remove the add-ons, wait until the anvils are below 40°C.                  

Removing order: Heating Control Box (+ cartridges & thermocouples)  Water pipes 

 Water-cooling plates (Anvils) / Adaptors & Fixation Pins. 

Zwick Control with Software 
1. Switch on the Zwick Z100 (on the side of testControl II control electronics). 

2. Open the testXpert III software. 

3. Select and open the testing program FFC-TPN.zp2 (Thermoplastic Forming). 

 

4. Turn off the Laser to protect eyes (4.A click RUN TEST  4.B click laserXtens 

 4.C click Laser on/off). 

5. Click SET UP TESTING SYSTEM to check if the machine configuration is correct. 

 

 

6. Click CONFIGURE TEST (6.A) to program the experimental parameters 
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Pre-test (6.B): How anvils approach the sample before the experiment starts. 

Normally, only Pre-load and Speed, preload are relevant (6.C). 

Other parameters can stay the same as Figure 6. 
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7. Click Test parameters (7.A) to set experimental parameters (still in CONFIGURE 

TEST page) for two sections. Go to 7.B (1/5 section) to program the force, load 

rate, and holding time. Go to 7.C (2/5 section) to program the un-loading step. 

PS: If you want to edit the processing path (ex: multiple loading-unloading steps), 

go to 7.D Sequence definition. 
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