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PREFACE 

This dissertation, titled "Design of Biocompatible Patterned Surfaces Produced by Dealloying 

of Metallic Glasses," has been submitted in partial fulfilment of the requirements for the Degree 

of Doctor of Philosophy in Chemical and Material Science within the XXXVI cycle (October 

2020 to March 2024). The research was conducted in the Metallurgy research group under the 

mentorship of Prof. Paola Rizzi at the Department of Chemistry, University of Turin, Turin, 

Italy. 

This doctoral work is a part of the BIOfilm-REsistant Materials for hard tissue Implant 

Applications (BIOREMIA) project, funded by the European Union's Horizon 2020 research 

and innovation programme under the Marie Skłodowska-Curie grant agreement No. 861046, 

spanning from January 2020 to June 2024. The BIOREMIA project aims to improve the quality 

of life for patients by minimizing infection rates associated with medical implants. Implant-

related infections, often caused by bacterial biofilms, present a significant challenge, leading 

to implant rejection with substantial economic and social costs. The inherent resistance of 

biofilm-growing bacteria to antimicrobials underscores the necessity for novel preventive 

measures. 

As an Early Stage Researcher (ESR 7) in the BIOREMIA project, my research objectives are 

outlined in detail: 

Project Description: 

Objectives: Design antimicrobial TiO2, Cu, or Au nanostructured surfaces with direct 

topological action and enhanced chemical activity to influence antibacterial surface properties. 

The evaluation of surface microbial adhesion is a key focus. 

Tasks: 

(i) Development of New Ti-Based Amorphous Alloys with Antimicrobial Elements 

(Ag, Fe, Cu): This task involves the synthesis and characterization of novel amorphous 

alloys with a specific emphasis on antimicrobial elements. 

(ii) Design of Nanoporous Cu/TiO2 Surfaces from Ti-Based Amorphous Alloys using 

Dealloying Technique: This task aims at creating innovative nanopatterned surfaces 

through the various dealloying techniques with a focus on particular exploration of 

promising parameters for Ti-based amorphous alloys. 

(iii)Evaluation of Hierarchical Nanopatterned Surfaces: This task involves evaluating 

the surface properties, surface chemistry, contact angle, and biocompatibility of the 

most promising dealloyed surface. Biocompatibility study involves evaluation of 

dealloyed samples in cell free systems for antimicrobial activity by analyzing reactive 

oxygen species, fenton chemistry, free-radical release, surface radical 

species, hemocompatibility, cytocompatibility, and metal ion release and antimicrobial 

activity. 
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Thesis Structure: 

• Chapter I provides a comprehensive introduction, outlining the main motivation, 

importance, and a detailed preview of subsequent chapters. 

• Chapter II focuses on precursor alloy preparation and characterization. 

• Chapters III-IV delve into chemical dealloying using various electrolytes, with a 

detailed exploration of the most promising electrolytes, such as nitric acid and 

ammonia-based solution. Further evaluations, including surface characterization, 

contact angle, biocompatibility: hemocompatibility, reactive oxygen species, release of 

metal ion release, cytocompatibility using osteoblast cells (Saos-2 and HOb) and 

antimicrobial activity using Pseudomonas aeruginosa bacteria, are presented. 

• Chapter V details attempts of electrochemical dealloying using nitric acid to produce 

a nanostructured copper-depleted surface on the amorphous alloy. 

• Chapter VI explores solid-state dealloying using zinc to selectively diffuse copper 

with zinc and further etching the Cu-Zn phase to obtain a nanostructured Ti surface. 

• Chapter VII provides a comprehensive summary and outlook on the research carried 

out during this Ph.D. 

This thesis endeavors to contribute significantly to the field of biomaterials and surface 

engineering, offering potential implications for the enhancement of performance and 

acceptance of medical implants 
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Chapter I 

INTRODUCTION 
 

1. Biomaterials 

Biomedical materials, in the form of implants (such as sutures, bone plates, and joint 

replacements) and medical devices (including pacemakers, artificial hearts, and blood tubes), 

play a pivotal role in the field of medicine [1] as shown in Figure 1.1. They are essential for 

the restoration and replacement of damaged or degenerated tissues and organs, ultimately 

enhancing the quality of life for patients. The primary criterion guiding the selection of 

biomaterials is their compatibility with the human body. For a biomaterial to be suitable for 

implantation, it must exhibit specific key characteristics to ensure prolonged biocompatibility 

within the body, preventing adverse reactions [2]. The predominant classes of materials used 

in biomedical applications encompass metals, polymers, ceramics, and composite materials. 

These categories are employed individually or in combination to craft a wide array of 

implantation devices available today. Biomaterials hold an increasingly pivotal role within the 

medical domain. They are characterized as biocompatible materials, fabricated from metals, 

ceramics, polymers, or composites thereof, specifically designed for integration into the human 

body [3]. The overarching purpose of biomaterials is to enhance, support, or substitute 

damaged tissues through the implantation of medical devices or the construction of artificial 

organs. These biomaterials may be organic or inorganic, originating from natural or synthetic 

sources, always adhering to the fundamental requirement of being non-toxic and compatible 

with human tissues. Metals and their alloys constitute a prevalent choice in the realm of 

biomedicine. Materials like stainless steels, Co-Cr alloys, NiTi shape memory alloys, 

commercially pure titanium (cp-Ti), and Ti-alloys are favored due to their exceptional 

mechanical strength, capable of withstanding the physiological loads imposed by the human 

body. Nonetheless, the release of potentially toxic elements such as Cobalt (Co), Chromium 

(Cr), and Nickel (Ni) from these metallic materials can compromise human health. 

Consequently, among metallic options, Ti and Ti alloys emerge as the most suitable materials 

for orthopedic and dental implants. They possess biocompatibility, exemplary resistance to 

corrosion, and commendable mechanical properties, rendering them highly favored for these 

applications [4]. 
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Figure 1.1. Types of implants and their application specific to human anatomy [1].  

 

2. Requirements of biomaterials 

Biomaterials must exhibit essential attributes that ensure the longevity of implants within the 

body while avoiding any rejection response. Failures in implants can often be attributed to one 

or more deficiencies in material properties, which may subsequently necessitate revision 

surgeries and pose health risks to patients.  

2.1. Mechanical properties  

Mechanical properties, like hardness, modulus, tensile strength, strain, fracture resistance, and 

fatigue strength, dictate material selection for medical implants (Table 1.1). Fatigue strength is 

particularly vital, as it prevents fractures caused by cyclic loading, averting implant failure and 

revision surgeries. Material strength is essential for long-term implant reliability, necessitating 

a modulus akin to bone tissue to counteract stress-shielding-induced implant loosening. 
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Consequently, a low Young's Modulus, mirroring bone, and high strength stand as critical 

material attributes for crafting enduring implants, ensuring their stability over time without the 

need for revisions. 

 

Table 1.1: mechanical properties of metallic biomaterials [5].  

Material Young’s 

Modulus E 

(GPa) 

Yield Strength 

(MPa) 

Tensile 

Strength (MPa) 

Fatigue Limit 

(MPa) 

Stainless steel 190 221–1213 586–1351 241–820 

Co-Cr alloys 210–253 448–1606 655–1896 207–950 

Ti 110 485 760 300 

Ti-6Al-4V 116 896–1034 965–1103 620 

Human 

Cortical bone 

15–30 30–70 70–150 - 

 

2.2. Corrosion and wear resistance 

The lifespan of medical implants is determined by the material's ability to resist wear and 

corrosion. Implants with low wear and corrosion resistance can release metal ions or particles 

into the body, triggering immune responses, toxic reactions, and allergies. Additionally, low 

wear resistance can lead to implant loosening, as the debris generated can cause inflammation 

and damage healthy bone. Hence, developing materials with high wear and corrosion resistance 

is crucial for ensuring the durability of implants in the human body [5]. 

 

2.3. Biocompatibility 

Biocompatibility is a complex property influenced by various factors, including the chemical 

and physical characteristics of materials, surface properties, implant design, and intended 

function. It is dynamic, as it can change with host responses over time. Biocompatibility refers 

to a material's ability to interact with a biological system without causing harm and with an 

appropriate response for a specific application. The choice of suitable materials and host 

responses play a significant role. In the medical field, bioactive materials are commonly used, 

as they can enhance biological responses by promoting bone tissue formation around implants. 

Two main concerns related to biocompatibility are the formation of fibrous tissue around soft 

tissue implants and the risk of thrombosis, which involves blood coagulation and platelet 

adhesion on the implant's surface [6]. 
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2.4. Osseointegration 

Osseointegration is a crucial process for dental and orthopedic implants, as it enables the 

formation of new bone and facilitates bone healing. When an implant surface cannot effectively 

integrate with the surrounding bone and tissues, it leads to the development of fibrous tissue 

around the implant, ultimately causing implant loosening. Improving the implant surface 

properties can enhance bone formation, and this depends on factors like surface chemistry, 

topography, and roughness. Having an appropriate implant surface is essential for achieving a 

strong integration between the implant and the adjacent bone tissue [7].  

 

Table 1.2. Comparison of metallic biomaterials used in the human body [5]. 

Metals 

and 

alloys 

Selected 

examples 

Advantages Disadvantages Principal 

applications 

Ti-based 

Alloys 

Cp-Ti, Ti-

Al-V, Ti-Al-

Nb, Ti- 

13Nb-13Zr, 

Ti-Mo-Zr-

Fe 

High 

biocompatibility. 

Low Young’s 

modulus excellent 

corrosion resistance, 

low density 

Poor tribological 

properties, Toxic 

effect of Al and V 

on long term 

Bone and joint 

replacement, 

fracture fixation, 

dental implants, 

pacemaker 

encapsulation 

Cobalt 

and Cr 

alloys 

Co-Cr-Mo, 

Cr-Ni-Cr-

Mo 

High wear resistance Allergy 

consideration with 

Ni, Cr and Co 

much higher 

modulus than bone 

Bone and joint 

replacement, 

dental implants, 

dental 

restorations, heart 

valves 

Stainless 

steels 

316L 

stainless 

steel 

High wear resistance Allergy 

consideration with 

Ni, Cr and Co 

much higher 

modulus than bone 

Fracture fixation, 

stents, surgical 

instruments 

Others Ni-Ti Low Young’s 

modulus 

Ni cause allergy Bone plates, 

stents, orthodontic 

wires 

Platinum 

and Pt-Ir 

High corrosion 

resistant under 

extreme voltage 

 
Electrodes 



Kirti Tiwari, UNITO 

 

5 

 

potential and charge 

transfer conditions 

Hg-Ag-Sn 

amalgam 

Easy in 

situ formability to a 

desired shape 

susceptible to 

corrosion in the oral 

environment 

Concerns related 

to Hg toxicity 

Dental 

restorations 

 

3. Current Challenges: Healthcare associated 

infections 
Biomaterial-associated infection (BAI) occurs as a result of the interplay between an implanted 

material and the surrounding tissue due to contamination during a surgical procedure. Bacteria 

have the capacity to adhere to the surface of the implant and subsequently infiltrate the adjacent 

tissue. Conversely, bacteria originating from colonized tissue can migrate towards the 

implanted material and initiate an infection within it (Figure 1.2) [8]. 

 

Figure 1.2. A schematic representation of the pathogenesis of biomaterial-associated infection. 

Bacteria contaminating the surgical site enter the tissue surrounding the implant and may 

become internalized by host cells or adhere to the implant and eventually develop a biofilm, 

adapted from [8]. 

Biomaterial-associated infections have been a concern for several decades, particularly with 

artificial prosthetic devices. These infections can occur shortly after surgery, during 

hospitalization, or even years later due to bacteria entering the bloodstream. Infection 

management typically involves antibiotics, with some patients making a full recovery, but 

severe cases may require surgical replacement or result in serious consequences. Infections 

become less likely over time as host tissues adapt. Revision surgeries carry a higher risk of 

infection than primary implantation procedures. Certain implants, such as those in the hip or 

knee, are more prone to bacterial reactions due to their limited exposure to bacteria, triggering 

strong immune responses and potential inflammation. In cases of inadequate immune 



Kirti Tiwari, UNITO 

 

6 

 

responses, chronic inflammation, and possible tissue death, revision surgery may become 

necessary (Figure 1.3) [9]. 

 

Figure 1.3. Patient risk factors for developing a biomaterial-associated infection [9]. 

 

3.1. Biofilm  

Biofilm formation caused by bacterial adhesion on implants is a significant issue for human 

health. These biofilm-associated infections not only impact the functionality and lifespan of 

the medical device but also contribute to device failure. Consequently, this increases the need 

for revision surgeries, and in some cases, these infections can have fatal consequences. 

 

3.1.1. Bacteria adhesion 

The formation of biofilms on biomaterial surfaces involves a two-phase process. The first phase 

is an instantaneous and reversible physical interaction, followed by a time-dependent and 

irreversible molecular and cellular phase. Bacterial adhesion to the surface begins with physical 

forces such as Van der Waals attraction, Brownian motion, gravitational forces, hydrophobic 

interactions, and surface electrostatic effects. These interactions occur at both short-range 

(distances < 5 nm with involvement of hydrogen bonding, ionic and dipole interactions, and 

hydrophobic interactions) and long-range (distances > 50 nm between cells and surfaces), 

facilitating the adhesion of cells to the substrate (Figure 1.4). The second phase involves a 

reaction between the substrate's surface and the bacterial surface, potentially leading to biofilm 

formation and nutrient provision [10]. 
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Figure 1.4. Phase one of bacterial adhesion [10]. 

 

3.1.2. Biofilm formation 

Biofilms are intricate collections of microorganisms that adhere to various surfaces. They 

consist of cells growing within multicellular aggregates embedded in an extracellular matrix 

made up of extracellular polymeric substances (EPSs). This matrix is primarily produced by 

bacteria and typically comprises a mix of proteins, polysaccharides, lipids, and DNA. The 

development of biofilms is a stage specific and follows a stepwise process (Figure 1.5 a), (1) 

planktonic cell; (2) reversible attachment to the surface; (3) irreversible attachment to the 

uncoated or protein coated surface; (4) formation of microcolonies through cell division and 

extracellular matrix production; (5) formation of a mature three-dimensional biofilm 

architecture showing pores for the passage of water. Cell detachment from the biofilm: (6) an 

active process leaving planktonic cell; (7) a passive process that can be shed through 

mechanical disruption. The adherence of planktonic bacteria to the implant surface is followed 

by bacterial proliferation, interactions, and accumulation into multi-layered clusters. These 

clusters can release planktonic cells that detach from the biofilm, initiating the process anew. 

The formation of bacterial microcolonies is driven by intercellular adhesion and attachment to 

a polymeric substrate integrated into an extracellular matrix. This matrix includes proteins, 

exopolysaccharides like staphylococcal polysaccharide intercellular adhesin (PIA), 

extracellular DNA (eDNA), and enzymes. As a result, a three-dimensional biofilm architecture 

is established, allowing some bacteria to detach, and spread across the implant surface, 

facilitating the biofilm's extension (Figure 1.5 b) [11]. 
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Figure 1.5. Schematic of biofilm formation and dispersion based on the in vitro analysis (a) stages of 

biofilm formation (b) detailed scheme of bacteria dispersion from mature biofilm [11]. 

 

3.2. Biofilm associated risks 

The National Institutes of Health (NIH) have reported that a significant portion of microbial 

(65 %) and chronic (80 %) infections can be attributed to the formation of biofilms. These 

infections are particularly problematic in the context of medical implants, where hospital-

acquired infections related to medical devices have been on the rise in recent years. Biofilms 

are especially concerning in healthcare-associated infections (HAIs) as they develop on the 

surfaces of medical devices such as intravascular catheters, urinary catheters, and orthopedic 

implants. The main challenges posed by biofilm formation are their resistance to both the 

immune system and antimicrobial agents, which has been identified as one of the top health 

issues by the World Health Organization (WHO), predicting that antimicrobial resistance will 

be responsible for 10 million deaths annually matching the global death toll of cancer at a cost 

of 100 trillion dollars to the global economy. The resistance of biofilms to antimicrobial agents 

is attributed to various factors, including DNA exchange, physiological changes, and the 

protective extracellular matrix that surrounds the microorganisms within the biofilm. Mature 

biofilms, which have been present for more than seven days, can be 100 to 1000 times more 

tolerant to antimicrobials compared to planktonic cells. Nosocomial infections, responsible for 

1.7 million cases per year and 99,000 deaths annually, with 60 % to 65 % linked to biomedical 

implants, represent a significant concern. It is projected that by 2050, infections caused by 

infectious biofilms will surpass cancer as a leading cause of death. This highlights the urgent 

need to address antimicrobial resistance and prevent the devastating consequences. Antibiotic 



Kirti Tiwari, UNITO 

 

9 

 

resistance is a natural response resulting from continuous exposure to these drugs. Antibiotic 

resistance has been steadily increasing over the years, emphasizing the importance of prudent 

antibiotic use and the development of alternative strategies to combat biofilm-related 

infections. Impact of antimicrobial resistance. Two teams from Europe modeled the increase 

in the rates of antimicrobial resistance (AMR) based on the information available in 2014, each 

using their own methodology, to understand the impact of AMR would have on the world 

population and the economic output shown in Figure 1.6 (a-c) [12]. 

 

Figure 1.6. (a) Deaths attributable to AMR every year compared to other major causes of death. 

The estimated number of AMR will increase to 10 million by 2050, approaching the total 
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number of deaths caused by all diseases today. (b) Deaths attributable to AMR in different 

parts of the world by 2050. There is a tendency for reduced mortality on continents with better 

economic conditions and more stringent antibiotic management. (c) The impact of AMR on 

the world's economy between 2014 and 2050 (in trillions of US dollars) predicts an 

exponentially loss in gross domestic product (GDP) attributable to combating AMR [12]. 

 

3.3. Biofilm resistant surfaces 

The type of antibacterial coating must be selected in function of the purpose of the biomaterial. 

Different biofilm resistant surfaces are illustrated in Figure 1.7 [9]. 

3.3.1. Non-adhesive surfaces 

Non-adhesive surfaces or bacterial repelling surfaces are capable of inhibiting the interaction 

between the material surface and the bacterial body. There are different ways of achieving this 

type of surface, for instance the surface can be modified physically with a micro-nano structure, 

or the hydrophobicity could be adjusted using chemical methods. By doing this the surface can 

effectively reduce the initial attachment of bacteria and the formation of biofilm, achieving an 

efficient antibacterial effect.  

3.3.2. Contact-killing surfaces 

Contact-killing bacteria is a useful added functionality for all applications requiring non-adhesive 

surfaces. One of the ways bacteria are killed by physical mechanism in which the cell walls is 

broken. This involves the incorporation of antimicrobial agents or technologies directly 

into the material, ensuring that any microbes coming into contact with the surface are 

swiftly neutralized. 

3.3.3. Antimicrobial-releasing coatings 

These coatings release antibacterial agents, such as antibiotics, bioactive molecules, and inorganic 

antimicrobial agents, to the surrounding tissues. A number of antibiotics have been incorporated 

in bioceramics or biodegradable polymer coatings. These methods possess a broad antibacterial 

spectrum, it is difficult to achieve optimum release kinetics with minimum harmful effects on 

cellular functions and tissue integration. Inorganic antimicrobial agents can also be used, Ag is 

one of the most commonly used. Silver possesses a broad antibacterial spectrum and high 

biocompatibility. It is not prone to antibiotic resistance. Other agents being studied are Cu, F, 

Ca, Mn and Zn. This sort of coating is highly suitable in revision surgery after a biomaterial-

associated infection, in order to clear the infection from surrounding tissues. 

3.3.4. Multifunction coatings 

These coatings are the most efficient since they combine several antimicrobial mechanisms. They 

are a mixture of the previously described coatings.  
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Figure 1.7. A schematic representation of different antimicrobial functionalities that can be added 

to the surface of a biomaterial implant or device, together with their possible application [9]. 

 

 

 



Kirti Tiwari, UNITO 

 

12 

 

4. Challenges and opportunities of titanium based 

implants 

Ti and its alloys are commonly utilized as implant materials in orthopedic and dental 

applications because of their outstanding biocompatibility, resistance to corrosion, and 

mechanical properties [13]. Nevertheless, there are certain issues that need to be addressed, 

such as the discrepancy in elastic modulus between Ti implants and natural bone, the potential 

release of harmful metal ions, and the absence of bioactivity and osteoinductivity [14]. To 

overcome these challenges, various research studies have focused on modifying the 

characteristics of Ti-based implant materials and applying surface modification techniques to 

enhance the biological performance of Ti implants. These approaches are designed to (1) 

improve the integration of implants with bone tissue, (2) enhance antibacterial capabilities as 

shown in Figure 1.8 [15].  

 

Figure 1.8. Challenges of implants and the possible solution [15]. 

 

4.1. Perspective: New alloy and surface modification 

The Ti alloys have significantly influenced the performance of medical implants. While 

conventional Ti alloys possess advantageous traits, they are limited in terms of mechanical 

strength, elasticity, and wear resistance. This opens the avenue for exploring amorphous alloys 

as an alternative implant material. Amorphous alloys, characterized by disordered atomic 

structures, exhibit exceptional mechanical properties, including high strength, elastic limits, 

superior hardness, and corrosion resistance. Incorporating amorphous alloys into implant 

design holds promise for augmenting implant durability and lowering failure rates. Recent 

investigations have revealed that amorphous alloys, owing to their unique atomic arrangement, 

offer heightened fracture toughness and wear resistance compared to traditional crystalline Ti 

alloys (Figure 1.9). These attributes are pivotal in maintaining implant structural integrity under 

load-bearing conditions and mitigating wear-induced debris that can trigger adverse biological 

reactions. Additionally, amorphous alloys corrosion resistance reduces the risk of implant 

degradation, ultimately extending implant service life. By precisely tailoring amorphous alloy 
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composition, researchers strive to match or surpass the properties of existing Ti alloys, 

providing a potential solution to alloy-related implant complications [16]. 

Another critical challenge contributing to Ti implant issues is the interaction between implant 

surfaces and the host tissue environment. Surface characteristics significantly influence 

cytocompatibility, osseointegration, and susceptibility to biofilm formation—a key factor in 

implant-related infections. Modifying the surface properties of Ti implants through dealloying 

techniques offers innovative solutions. Dealloying methods encompass chemical, 

electrochemical, and solid-state processes, selectively removing elements from the alloys 

surface to create nanoporous (np) or nanotextured structures [17]. These structures, boasting 

increased surface area, can promote osseointegration by facilitating cell adhesion, nutrient 

diffusion from the surrounding tissue to the cells on the surface of the biomaterial, and 

mechanical interlocking with host bone. Moreover, surface chemistry alterations through 

dealloying can hinder bacterial biofilm formation, which is a prominent cause of implant-

associated infections. The controlled nature of dealloying enables precise customization of 

surface properties, which can help in addressing patient-specific needs and reducing implant 

failure risks due to adverse reactions or infections. 

 

Figure 1.9. On the left, schematic illustration of a typical metal structure: short and long range 

order of the atoms. Crystalline metals generally have grain boundaries and defects (interstitial 

element and dislocations). On the right, amorphous metallic structure with at least 3 atomic 

species with neither long nor short range ordering [18].  
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5. Amorphous alloys 

The history of amorphous alloys dates back to 1960 (Figure 1.10) with the discovery of 

Au75Si25 amorphous alloy by Duwez at Caltech. This discovery was revolutionary as it went 

against the traditional understanding that all metals crystallize when cooled [19]. In the 

following decades, researchers continued to explore the properties of amorphous alloys, and in 

the late 1980s, a breakthrough occurred when a multicomponent amorphous alloys with rare 

earth materials was created by Inoue and co-workers at Tohoku University [20]. This opened 

new possibilities for development of a wide range of amorphous alloys. The discovery of 

Vitreloy 1, a multicomponent alloy made of Zr41.2Ti13.8Cu12.5Ni10.0Be22.5 by Johnson and 

Atakan Peker at Caltech in the 1990s, sparked a new wave of research in development of 

amorphous alloys and their potential applications in various industries, such as aerospace, 

automotive, electronics, and medical devices [21].  

 

Figure 1.10. Development of amorphous alloy with advances in their fabrication techniques 

since 1960 [22]. 

 

Amorphous alloys, also known as metallic glasses, lack a crystalline structure and are produced 

through rapid quenching of molten metal. These alloys exhibit short-range atomic order, 

typically involving the preferential alignment of 2-3 nearest neighboring atoms, known as 

short-range order. In a medium-range, amorphous alloys display random, dense atomic packing 

due to distinct atomic sizes. The atomic structure of metallic glasses, whether core-like FCC 

or icosahedral packing, remains imprecise and can only be understood statistically. These 

structures lack grain boundaries. The formation of an amorphous or crystalline structure 

depends on the cooling rate. Slow cooling leads to the eventual formation of a crystalline 
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structure. Achieving an amorphous structure requires extremely rapid cooling rates to prevent 

nucleation. The critical cooling rate necessary to avoid nucleation can be determined from a 

characteristic time-temperature-transformation (TTT) diagram in Figure 1.11. The TTT 

diagrams involve the computation of the duration required for the transition from a liquid to a 

solid state at specific temperatures held constant (isothermally) [23].  

In binary alloy systems, achieving a fully amorphous structure typically requires rapid cooling 

rates. This swift cooling prevents the atoms within the molten material from organizing into a 

crystalline lattice, preserving the disordered atomic arrangement even at lower temperatures. 

Below the glass-transition temperature, the supercooled liquid solidifies into a glass. However, 

this high cooling rate constraint limits metallic glasses to forms like powders, wires, and 

ribbons, typically with dimensions less than 100 μm. This size limitation has posed challenges 

for the practical use of metallic glasses and the exploitation of their exceptional properties. 

To address this issue, scientists have dedicated significant efforts to reduce the critical cooling 

rates (RC) required for metallic glass formation. The primary objective is to stabilize the 

supercooled liquid by shifting the crystalline transformation point to longer times (RC2). This 

involves considering both thermodynamic and kinetic factors. Two main approaches have been 

proposed: 

1. Purification of Melts: Professor Turnbull from Harvard University introduced the fluxing 

technique, which involves repeatedly melting and solidifying a Pd-Ni-P alloy in a B2O3 flux. 

This process effectively removes impurities that act as nuclei for crystallization. The purified 

melt can achieve substantial undercooling, significantly reducing the critical cooling rate 

needed for glass formation. This approach has successfully produced centimeter-sized bulk 

metallic glasses (BMGs), with dimensions exceeding 1 mm in the smallest dimension. 

2. Designing Alloy Compositions: Professors Inoue from Tohoku University and Johnson 

from Caltech have made notable contributions in enhancing the critical casting thickness of 

metallic glasses through careful alloy design. Inoue and colleagues established three key 

empirical rules that must be adhered to in order to create BMGs: (1) employing a 

multicomponent system consisting of more than three elements, (2) ensuring a significant 

difference in atomic size ratios of over 12 % among the three main constituents to achieve low 

free volume and high packing density, and (3) having negative heats of mixing among the three 

primary elements [22]. 

The concept of free volume is a pivotal consideration when working with metallic glasses, 

particularly bulk metallic glasses (BMGs). Free volume refers to the unoccupied and accessible 

space found within the disordered arrangement of atoms in an amorphous solid. This state is 

thermodynamically unstable and characteristically contains a significant amount of unoccupied 

space within the structure. However, over time, this free space tends to diminish as the material 

strives to attain a state of equilibrium. As the free volume gradually decreases, the atomic 

density within the material increases with time. This evolution of available free volume has a 

direct impact on the potential atomic movements within the material and significantly 

influences the properties, encompassing both mechanical and chemical attributes [24]. 
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Figure 1.11. Schematic representation of T-T-T diagram [23]. 

 

The critical cooling rate required for the formation of glass varies among distinct alloy systems 

and compositions. Moreover, various metallurgical methods involving molten materials yield 

diverse cooling rates. Rapid cooling techniques, such as melt-spinning, achieve solidification 

rates in the range of approximately 104 to 108 Kelvin per second (K/s) to prevent nucleation 

and growth of stable phases. In the melt-spinning process, molten material is expelled through 

an orifice and solidifies on a chilled substrate, resulting in the production of ribbons. A Cu 

wheel is employed to expedite the dissipation of heat from the ribbon as rapidly as possible. 

Typically, these ribbons exhibit dimensions of millimeters-centimeters in width and 10-800 

micrometers in thickness (Figure 1.12 (a)) [25,26]. 

On the other hand, slow cooling processes, such as Cu mold casting, yield cooling rates within 

the range of 103 to 1 K/s. This method is utilized for the production of bulk metallic glasses. In 

this approach, the molten alloy is poured into a Cu mold, which efficiently conducts heat, 

leading to steep temperature gradients and subsequent solidification. Different molds with 

varying internal diameters can be employed, resulting in the production of samples with 

differing diameters (Figure 1.12 (b)) [27]. 

Stabilization  
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Figure 1.12. (a) Melt spinning [26] and (b) Copper mold casting [27]. 

 

5.1. Composition development: glass formers and 

biocompatible elements 

To enhance the glass-forming ability (GFA) i.e., the tendency of the formation of amorphous 

alloy, additional elements with better glass-forming capabilities are required. Elements such as 

Be, B, Si, P, Cr, Fe, Co, Ni, Cu and In simultaneously satisfy two main requirements for good 

glass formers (negative ΔHmix and atomic size difference |rA−rTi|/rTi>12 %). However, only B, 

Si, P and In are also fully biocompatible creating a huge limitation for possible compositions. 

If only negative heat of mixing is considered together with biocompatibility, in addition to 

already mentioned B, Si, P and In, five other elements can be included as optional: Mo, Pd, Sn, 

Pt and Au. Developing amorphous alloy for medical use requires achieving high GFA without 

using harmful alloying elements. Metal toxicity depends on their chemical state and ion 

concentration released by implants into the body. Various mechanisms like corrosion, wear, 

and electrochemical processes, including stress and fretting corrosion, release of metallic ions 

is responsible for implant failures. Recent studies have identified metals like Ni, Co, Cr, Fe, 

Mo, V, and Mn responsible for adverse tissue reactions, while Ni, Co, Cr, Al, and V were 

cytotoxic. Further research revealed Cr, Cu, and Ag as toxic, Ni, Zn, and Co as highly toxic. 

To develop suitable Ti-based amorphous alloys for implants, one must consider glass formation 

parameters per empirical rules and the biological safety of alloying elements. Good glass-

former elements meeting the rules (negative ΔH of mixing and atomic size mismatch >12 %) 

include B, Si, P, In, Be, Fe, Co, Ni, and Cu, with Si, In, P, and B being biocompatible. 

Depending on their impact on Ti's β-transus temperature, alloying elements stabilize either α-

Ti (hcp) or β-Ti (bcc) crystal structures. Elements like Fe, Mn, Cr, Co, Ni, Cu, and Si, known 

as β-eutectoid elements, promote glass formation under non-equilibrium processing conditions 

due to reduced solid solubility in Ti and the formation of intermetallic compounds with a large 

negative heat of mixing conditions Figure 1.13 [28]. 

 

(b) (a) 
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Figure 1.13. Biocompatibility and glass-forming ability of possible alloying additions to Ti- 

based amorphous alloys [28]. 

 

In the past two decades Ti-based amorphous alloys have been developed such as Ti-Cu-Ni, Ti-

Cu-Ni-Co, Ti-Cu-Ni-Zr, Ti-Cu-Ni-Zr-Sn, Ti-Cu-Ni-Sn-B-Si, Ti-Cu-Ni-Sn-Be, Ti-Cu-Ni-Zr-

Be and Ti-Cu-Ni-Zr-Hf-Si. These alloys have a good GFA. However, they cannot be employed 

in the medical field since they contain Ni and/or Be, which are toxic elements that can cause 

allergy and cancer [29–31]. Recently Ti-based amorphous alloys without the presence of Ni 

(or Be) were created, like Ti-Zr-Cu-Pd-Sn and Ti-Zr-Cu-Pd, which exhibit large GFA, high 

strength and low Young’s modulus. Unfortunately, the high amount of Pd and low content of 

Ti increase the price of the alloy, limiting their possibility of commercial application. Pang et 

al. have developed a new Ni-free Ti-based amorphous alloys alloy composition consisting of 

Ti-Cu-Zr-Fe-Sn-Si. The addition of silver (Ag) was observed to facilitate the formation of 

icosahedral short-range order in the supercooled melt. This order raises the nucleation barrier 

for crystalline phases, thereby enhancing the melt's viscosity and the alloy's ability to form 

glass. Generally, a higher density of atomic packing, such as icosahedral orders, corresponds 

to better glass-forming ability. The GFA of Ti47Cu38Zr7.5Fe2.5Sn2Si1Ag2 amorphous alloy was 

improved by incorporating 2 at % silver [32]. Wang et al. investigated the GFA of Ti46Cu31.5–

𝑥Zr11.5Co3Si1Ag𝑥 by varying the silver (Ag) content (x) from 0 to 5 at %. Adding 4 at % of Ag 

resulted in a fully amorphous state without any crystallites, suggesting that Ag enhances GFA 

by increasing the temperature gap between crystallization and melting. Zirconium (Zr) and 

silicon (Si) are recognized for their capacity to enhance glass formability, and numerous 

amorphous alloys have been developed with substantial Zr and Si contributions. Tin (Sn) was 

also identified as a good glass former. This can be attributed to the atomic size differences 

between Ti (0.147 nm), Cu (0.16 nm), Zr (0.128 nm), and Sn (0.14 nm), which introduce size 
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mismatches and complexity, destabilizing crystalline phases in the melt [33]. Table 1.3 shows 

the most promising BMG compositions for biomedical application found in the literature.  

 

Table 1.3: Comparison of the most promising BMG compositions for biomedical application 

in the literature. The BMGs principal characteristics such as: critical diameter, ultimate tensile 

stress (UTS), plasticity, Young Modulus, biosafety, and corrosion resistance are gathered. 

Alloy ΔTx (K) E (GPa) Testing Max. Dia. (mm) Ref. 

Ti40Zr10Cu36Pd14 38 82 c <5 [34,35] 

Ti40Zr10Cu34Pd14Sn2 50 ~91 c, v <10 [36,37] 

Ti40Zr10Cu34Pd14Ga2 44 93 - 3 [38] 

Ti40Zr10Cu38Pd10Si2 65 80 - 5 [37,39] 

Ti47Cu38Zr7.5Fe2.5Sn2Si1Ag2 52 ~100 c 7 [32,37] 

Ti45Cu40Zr7.5Fe2.5Sn2Si1Sc2 55 97 c 6 [37,40] 

Ti47Cu40Zr7.5Fe2.5Sn2Si1 56 ~100 c 3 [37,41] 

(c) – Cytocompatibility, (v) – in vivo 

 

6. Surface modification of titanium alloys  

Surface properties play a crucial role in the long-term performance of implants, alongside 

biomechanical properties. Ensuring proper osseointegration and preventing wear and 

corrosion-related particle release is essential to prevent implant failure. Surface modification, 

which alters surface composition, structure, and morphology while maintaining bulk 

mechanical properties, is employed to enhance the biofunctionality of implant materials. 

Titanium and Ti-based alloys, while naturally corrosion-resistant, have bioinert surfaces that 

hinder bonding with bone tissue. Surface modifications serve two main purposes: improving 

bone bonding capability and enhancing wear and corrosion resistance of implants. Methods for 

surface modification fall into four generations as shown in Figure 1.14. 

1st generation: Mechanical surface modifications, like grind machining. 

2nd generation: Morphological surface modifications, such as grooving, blast, acid etching, 

and anodic oxidation (TiO2 nanotubes), which create rough and porous surfaces to promote 

bone ingrowth. 
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3rd generation: Physicochemical active surface modifications, including chemical treatments 

and hydroxyapatite (HA) coating, which encourage chemical bonding between the implant and 

bone. 

4th generation: Biochemical active surface modifications involve immobilizing biofunctional 

molecules like collagen and peptides. 

Commercially, most modified Ti and Ti-based alloys belong to the second generation, focusing 

on enhancing TiO2-based coatings, oxide film thickness, porosity, and altering the oxide film 

structure. Some methods from the third-generation deposit osteoconductive coatings through 

processes like HA formation or Ca ion implantation. The fourth generation, involving 

immobilized layers of biofunctional molecules, is still in development due to safety, quality, 

and durability challenges during storage and dry conditions [42]. 

 

Figure 1.14. History of surface modification techniques to improve hard tissue compatibility 

regarding the commercial and research level [42].  
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6.1. Dealloying 

Dealloying consists of a simple and effective way to fabricate functional nanostructured materials by 

selective dissolution of one element from an alloy [43]. During dissolution the remaining components 

become free to move along the interface between the alloy and the dissolution medium, and if the 

alloy is in the appropriate composition range, the remaining component(s) reorganizes into a three-

dimensional network exhibiting open porosity. Previously dealloying was only considered in the 

context of corrosion, however now it’s considered as a self-organization technique that allows 

us to fabricate high surface area, bicontinuous np materials [44].  

6.1.1. Effect of dealloying on the microstructure 

During the dealloying process, diffusion occurs on the initial crystal lattice of the metal, so the grain 

structure of the parent alloy is preserved. However, this is not the case for dealloying amorphous 

alloys. Amorphous alloys exhibit an absence of grain boundaries or segregations, this makes them 

preferred choices for dealloying precursors to prepare homogeneous np metals [45]. The decrease 

in the surface diffusivity of np metals, caused by the addition of minor alloying noble elements 

to the dealloying precursor alloys, has consequently resulted in the refinement of the pore 

structure. It is important to mention that so far there is a lack of insightful understanding of the 

correlation of the composition of the metallic glass precursors, the pore/ligament size of the np 

metals and the effect of adding minor elements to the alloy [46]. 

6.1.2. Porosity evolution 

The working model of porosity evolution during dealloying is supported by both kinetic Monte 

Carlo (KMC) simulations and numerical solutions of the interface evolution equations. The 

primary driving force is that, at electrochemical potentials above a composition-dependent 

critical potential Vc, dissolvable atoms are easily solvated and removed from low-coordination 

sites such as step edges, and the surface sites are rapidly passivated with the remaining more noble 

species [44,47]. A summary of this model is shown in Figure 1.15.  

(a) rate-limiting step: formation of terrace vacancies which then grow into lateral vacancy 

clusters.  

(b) dissolution proceeds layer by layer: surface diffusion passivates low-coordination sites with Au 

leading to surface roughening.  

(c, d) dealloying continues wherein insufficient Au totally passivate the increasing surface area 

leading to undercutting and bifurcation of ligaments.  

(e) result of this process: bicontinuous porous structure in which ligaments have Au-rich surfaces 

and Ag-rich interiors.  

(f) coarsening increases the length scale of the initial structure and residual Ag atoms are exposed 

and dissolved, leaving a final structure with much reduced Ag content [44]. 
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Figure 1.15. Working model for porosity evolution in dealloying in the Ag-Au alloy system (Ag, gray; 

Au, orange). (a) Terrace Vacancies formation. (b) Surface diffusion passivates low-coordination 

sites with Au (c, d) Undercutting and bifurcation of ligaments. (e) Bicontinuous porous structure in 

which ligaments have Au-rich surfaces and Ag-rich interiors. (f) Final structure with much reduced 

Ag content [44]. 

 

The process of porous metal formation, particularly within the realm of amorphous alloys, 

involves a distinctive dealloying mechanism. Unlike traditional crystalline alloys, where the 

dissolution of less noble elements and surface diffusion of noble atoms (adatoms) lead to the 

development of smooth ligaments and porosities. In amorphous alloys the resulting ligaments 

are notably rough, characterized by a polycrystalline composition comprising several impinged 

grains. In the absence of a long-range order structure in amorphous precursors, adatoms liberated 

from the alloy's structure exhibit a tendency to aggregate randomly through surface diffusion. 

This aggregation forms domains that incrementally grow until they converge, ultimately giving 

rise to ligaments [48].  

Furthermore, the dealloying process in amorphous alloys is shown in Figure 1.16. The steps 

involved in the process are: 

 

 

 



Kirti Tiwari, UNITO 

 

23 

 

i. Adatom aggregation by surface diffusion: 

In the case of amorphous alloys, adatoms (individual atoms) liberated from the alloy's structure 

are not fixed to an ordered structure, as is the case in crystalline alloys. These adatoms exhibit 

random aggregation through surface diffusion. Surface diffusion refers to the movement of atoms 

along the surface of the material. 

 

ii. Formation of randomly aggregated domains: 

The adatoms aggregate randomly on the surface, forming domains that gradually grow in size. 

Unlike in crystalline alloys, where adatoms initially create islands and hillocks, in amorphous 

alloys, the aggregation leads to the formation of domains. 

 

iii. Domain growth and convergence: 

These domains continue to grow until they impinge on each other. The impingement results in 

the convergence of domains, generating ligaments in the process. Ligaments are elongated 

structures that are a characteristic feature of porous materials [49]. 

 

 

Figure 1.16. Scheme of dealloying in amorphous alloys [49].  
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6.2. Fabrication of np-Ti alloys via dealloying  
 

This section discusses the potential of dealloying for producing np-TiOx rich layer on Ti based 

alloys, for biomedical implant application. A brief summary of the scientific work done by 

researchers from the early 2000s to 2022 is shown in Figure 1.17. This emphasizes the increase 

in the focus of researchers towards the improvement of the dealloying technique for application 

in biomedical field. The focus has been primarily towards crystalline alloys, while other classes 

of materials like bulk amorphous alloys and shape memory alloys are being explored (shown 

in Table 1.4). As this research field is gaining momentum, it is necessary to give a direction to 

it underlining the advances in surface science.  

 

Figure 1.17. Trends in producing np-Ti by dealloying method, from 2005 to 2022, summarizing 

the number of publications with research focus on the class of materials.   

 

6.2.1. Types of dealloying techniques  

 A schematic representation shown in Figure 1.18 summarizes the dealloying technique. The 

precursor alloy here is made up of elements A and B, where B needs to be selectively removed. 

The choice of dealloying media or electrolyte, denoted here as C, depends on their chemical 

reactivity towards B. Here, element C is reactive towards B but inert towards A. This leads to 

the targeted dissolution of B into C from the A-B precursor alloy, leaving behind A with a np-

surface. A number of different dealloying techniques have been studied by researchers since 

the 2000s to explore new options for dealloying media beyond aqueous electrolytes. 
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Figure 1.18.  Schematic representation of dealloying techniques. 

 

6.2.1.1. Chemical and electrochemical dealloying 

Chemical dealloying involves free immersion of precursor alloy in the etching solution as 

shown in Figure 1.19. It is a spontaneous process which can be performed at an elevated 

temperature and offers various advantages such as simplicity, affordability, and the possibility 

of easy scale-up for commercialization [50,51]. The surface morphology of the dealloyed 

sample can be controlled and optimized by regulating the experimental conditions like 

concentration and pH (acid/base) of the electrolyte, treatment time and temperature. However, 

this method is not suitable for alloys with elements having similar chemical properties as it 

becomes difficult to ensure selective etching [52].  

Electrochemical dealloying is another widely used dealloying method (Figure 1.19 a). It is also 

known as potentiostatic or galvanostatic dealloying because it occurs due to difference in the 

standard reduction potential of the two alloy elements [53]. These techniques have been widely 

studied on Au-Ag based alloy, where Ag is less noble than Au and it is selectively dissolved, 

producing np-Au on the surface [54]. A three-electrode setup with a reference electrode, 

counter electrode, and sample as the working electrode. The experimental parameters can be 

optimized by adjusting the electrolyte concentration, temperature, alloy composition and 

applied potential to tailor the morphology of the sample. This method is also facile and 

inexpensive but, obviously, precursor alloys containing elements with similar electrode 

potential values cannot be dealloyed using this method [52,55]. Some examples of elements 

dealloyed using this technique are Pt, Pd, Ag, Cu, Ni, Al [56–64]. 
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6.2.1.2. Liquid melt dealloying 

Liquid metal dealloying (LMD) technique uses metallic melt for dealloying a sample. This 

method is based on the difference in enthalpy of mixing of elements present in precursor alloy 

with respect to the liquid melt. The elements selected for liquid melt are based on the theory 

that at certain dealloying temperature, when precursor alloy is immersed in the liquid melt, the 

constituent element that has positive enthalpy of mixing with the metallic melt gets diffused 

into the liquid while that with negative enthalpy of mixing remains on the surface of the alloy. 

The atoms present on the surface of the sample rearrange and form ligaments and pores via 

surface diffusion [65,66]. The schematic representation of liquid melt dealloying is shown in 

Figure 1.19 (b). For better understanding, Ti-Cu alloys can be considered. When a Ti-Cu alloy 

is immersed in a Mg melt Cu diffuses in the melt, being miscible in Mg, and forms Mg2Cu 

phase on the surface whereas Ti does not react with Mg since it is immiscible in Mg. Later, the 

treated sample is immersed in HNO3 to selectively etch Mg2Cu phase producing np-Ti-rich 

phase on the surface. This technique provides new possibilities for selection of elements for 

developing precursor alloy and selecting a suitable element for liquid melt. This phenomenon 

was first explained by Harrison and Wagner in 1959 [67] and then re-addressed by Wada et al. 

in 2011 [68,69]. This technique can be useful for dealloying less noble elements like Ti, which 

is prone to oxidation, form a passive oxide film and have positive reduction potential that is 

challenging to be dealloyed using chemical and electrochemical dealloying routes [70]. 

However, there are some limitations with this method like maintaining proper working 

conditions which requires high temperature for preparing metallic melt and this leads to high 

cost of operation [52]. This technique has been widely used to fabricate porous layers on less 

noble materials like Ti, Nb, V, Fe, Cr, Mn, Ta, Cu [71–74]. 

 

6.2.1.3. Solid state dealloying 

Solid state dealloying (SSD) is also referred to as solid metal dealloying (SMD). In this 

technique, which is like LMD in thermodynamic aspects, one element is selectively removed 

via solid-state diffusion mechanism into a metal solvent to produce a bi-continuous np-

structure as shown in Figure 1.19 (c). Unlike LMD, where heat of enthalpy is an important 

criterion, SMD is, thus, dependent on the interdiffusion kinetics of the metal solvent with the 

components of the alloy. Slower transport kinetics and difference in the diffusion coefficients 

of the solid metals play a vital role for a successful dealloying. The interdiffusion kinetics of 

metal solvent should be slower with at least one order of magnitude compared to other 

components of the alloy. Dealloying occurs at the metal-solvent interface and depending on 

the rate of diffusion and heat of mixing of the concerned element in the metal solvent the 

reorganization of atoms at the interface is determined. This method requires low processing 

temperature which is below the melting point of the metal solvent to promote the formation of 

finer structures [75]. It is also a cost-effective technique which provides a wide window for 

varying processing time and temperature and enabling more control over the volume fraction 
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of the components present in the alloy. This is an important criterion as it influences the 

morphology of the porous networks [76]. SSD was first reported by Wada et al. in 2016 [77] 

where the authors proposed a new strategy for producing porous structures developed on 

(Fe0.8Cr0.2)50Ni50 alloy. It involved atomic diffusion of Ni in Mg occurring at a temperature 

lower than the melting point of the Mg powder which was used as the dealloying medium. This 

treatment resulted in the formation of a np-surface with very fine morphology rich in Fe-Cr 

phases and lower Ni content, composition being Fe76.3Cr20.4Ni3.3. Ni2Mg phase formed due to 

solid state diffusion was later etched using HNO3 solution. Currently, thin film substrates are 

used for studying SSD mechanism. McCue et al. in 2017 [78], developed dense metal 

composites by solid state dealloying of a binary precursor alloy deposited on solid metal 

solvent made of Cu and Zr. This study suggested the use of SSD in creating multi-layered films 

with different compositions of precursor alloy and metal solvent which can be dealloyed 

simultaneously. The authors studied requirements and kinetics for a solid state dealloying by 

using thin film of Ni55Fe45 (750 nm thickness) and Ti65Ta35 (700-800 nm thickness) alloys 

deposited on Cu and Zr substrates, respectively. In this design Cu and Zr remain immiscible 

with Ta and Fe but miscible with Ti and Ni. The dealloying occurred by diffusing the miscible 

components from the deposited thin film with substrate. Interdiffusion kinetics were studied, 

and the authors proposed Ti-Ta/Zr as the ideal model for further investigations like finding 

critical composition for SSD to occur and mechanism of morphology formation. The influence 

of volume change of metal solvent and the substrate, considering their diffusion kinetics, was 

also investigated as it is an important parameter. It was concluded that altering the composition 

of parent alloy interpenetrating metal nanocomposite can be produced where volume fraction 

of each phase gradually changes upon dealloying. Additionally, it is possible to dealloy thin 

films with multiple layers of metal solvent which can then be simultaneously dealloyed through 

the entire layers thus, eradicating the limitations of performing SSD with only one substrate. 

Recently in 2019, Yao Shi et al. [79] fabricated ultrafine ligaments of np-Ti. Samples were 

prepared by ball milling Ti-Cu powders with Mg powder followed by heat treatment to form a 

phase of Mg-Cu, the samples were then chemically etched in 1 M HNO3 solution to remove 

Mg-Cu phase and produce np-Ti. This study helped in understanding the formation of 

dealloyed structures at the sample interface after SSD.  

 

6.2.1.4. Vapor phase dealloying 

Vapor phase dealloying is a technique involving evaporation of one or more elements from the 

precursor alloy to fabricate different surface morphologies as shown in Figure 1.19 (d). This 

technique uses the difference in the melting and boiling point of the elements present in the 

alloy as well as the difference in their saturated vapor pressure. The dealloying temperature is 

maintained below the melting point of the precursor alloy in accordance with the Kirkendall 

effect [80,81]. This method is quite facile and environment friendly However, this type of 

treatment is limited to Zinc (Zn) based alloy systems for dealloying elements like Ni and/or Co 

[82,83]. This phenomenon often attributed as Kirkendall effect was observed by Balluffi and 

Alexander back in 1952 [84,85]  where the author reported dezincification of brass in vacuum, 

which led to the formation of close porosities instead of interdiffusion surface rearrangement 
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which produces bicontinuous open porosity. The authors studied diffusional changes of Ag 

from vapor phase into a thin gold wire at 1213 K in normal and parallel direction of diffusion. 

Recently this technique received attention when Zhen Lu et al. [86] developed a prototype of 

Co5Zn21 alloy by mechanically milling powders at room temperature and melt spinning to 

produce thin ribbons. The ribbons were heated in an inert atmosphere at 773 K and 100 Pa for 

5 to 120 min and the resultant dealloyed samples were found to be rich in Co. Additionally 

Yujun Shi et al. [87] synthesized bulk np-Co with face cantered cubic structure from a Co5Zn21 

alloy foils. The dealloyed surface consists of high surface area 1.06 m2g-1 and large pore size 

distribution with average pore diameter around 400 nm and ligament size 0.36 ± 0.07 µm. 

Jiuhui Han et al. [83] fabricated 3D bicontinuous np-Ni and Ge from Ni-Zn and Ge-Zn 

precursor alloys with tunable pore size by varying the temperature, time of treatment, Further 

the author studied the dealloying kinetics for understand effect of alloy composition on the 

porosity and grain size of the precursors of Ge-Zn. VPD has been attempted for dealloying Mn-

Zn, Ni-Zn and Al-Zn alloys for fabricating np-Mn, Ni and Al [88–90]. 

This technique is being utilized on various materials as it allows the tunability of pore size from 

micron to nano scale by controlling the dealloying parameters like temperature, time and 

pressure. Since it does not involve any chemical or electrochemical route of fabrication, the 

method is versatile which can be used on various alloys without the need to consider their 

electrical conductivity or chemical stability. Importantly, it is an economical, pollution-free 

technique and affordable where recovery of the evaporated elements such as Zn in the vacuum 

system is possible. Thus, this method holds great potential. 

 

Figure 1.19.  Schematic representation of (a) chemical and electrochemical dealloying (b) 

liquid melt dealloying technique (c) solid-state dealloying technique (d) vapor phase dealloying 

technique. 
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Table 1.4. Summary of the Ti based alloys treated using dealloying techniques with the key 

findings.  

 
Alloy Type Dealloying 

Technique 

and Media 

Key Findings Ref 

C
ry

st
a
ll

in
e 

A
ll

o
y
s 

Ti6Al4V LMD: Mg low Al on the surface, Studied 

effect of crucible material on 

LMD 

[91] 

Ti6Al7Nb LMD: Mg Tunable pore size, pore shape, 

and pore depth, reduced Al conc. 

by 48 % on the surface, improved 

cytocompatibility and bone 

formation 

[92] 

TixZr (100-x)yCu100-y LMD: Mg Tunable surface functionality 

such as, stiffness, strength, 

Young’s modulus, 

cytocompatibile  

[93] 

Ti20Hf20Cu60, 

Ti25Hf10Cu60, 

Ti30Hf10Cu60 

LMD: Mg Developed metal-polymer 

composites mimicking 

mechanical behavior of cortical 

bone 

[94] 

Ti27.2Nb3Cu69.8 and 

Ti29.2Fe3.9Cu66.9 

LMD: Mg Tunable phase formation, 

microstructure, high yield 

strength and low Young’s 

modulus 

[95] 

Ti47.5Mo2.5Cu50 LMD: Mg Dendritic microstructure, Elastic 

modulus near human cortical 

bone 

[96] 

(TiZrCr)20Cu80 LMD: Mg Dealloyed multicomponent alloy [97] 

Ti50Sc50 CD: HNO3 np-Ti by spinodal decomposition  [98] 

(TiMo)30Cu70, 

Ti30Cu70 

SSD: Mg hierarchical structure with 

improved mechanical properties 

and bioactive surfaces 

[99] 
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Ti20Cu80, Ti30Cu70, 

Ti40Cu60, 

Ti15Zr15Cu70, and 

Ti22.3Nb7.7Cu70 

LMD: Mg np-metal composite with 

bisphenol F epoxy polymer 

mimicking the elastic behavior of 

human bones 

[100] 

Ti50Cu50 LMD: Mg Ti-Mg nanocomposites with low 

Young’s modulus and moderate 

yield strength 

[101] 

Ti30Cu70 SSD: Mg suggested pore-forming 

mechanism is a solid-state 

interdiffusion process, found that 

elastic modulus in np-α-Ti foam 

follow linear decay fit with 

increasing ligament size 

[102] 

Ti25Nb15Cu60 CD: Nitric 

Alcohol 

Solution 

np-structure with 24 GPa elastic 

modulus 

[103] 

Ti6Al4V ECD: NaOH np-surface with low Al conc., 

bioactive and cytocompatibile 

surface with high osteogenic 

activity 

[104] 

Ti3Zr2Sn3Mo25Nb ECD: HF + 

HNO3 

Dealloying of as-solution treated 

TLM alloy created a simple np-

topography, while in as-cold 

rolled TLM alloy created a 

hierarchical micro/np-topography, 

cytocompatibile surfaces  

[105] 

A
m

o
rp

h
o
u

s 
A

ll
o
y
s 

Ti30Cu70, Ti40Cu60 

and Ti50Cu50 

ECD: HNO3 np-Ti oxide layer with mean 

diameter of pores 50 nm and the 

thickness of pore walls 100 nm 

[106] 

Y56Al24Co20, 

Ti56Al24Co20, and 

Y20Ti36Al24Co20 

ECD: HNO3 np-interconnected microstructure 

with amorphous phase 

[107] 

Ti45Y11Al24Co20 CD: H2SO4 np- Ti oxide surface with 

improved passivation behavior in 

simulated body fluid 

[108] 

Ti30Cu70 LMD: Mg Hierarchical structure [109] 



Kirti Tiwari, UNITO 

 

31 

 

S
h

a
p

e 
M

em
o
ry

 A
ll

o
y

 
NiTi CD: nitro 

dioctyl 

phthalate + 

H2O2 + HCl + 

H2SO4 

Ni depleted np-surface with 

thickness 130 nm, cytocompatible 

with dermal mesenchymal stem 

cells 

[110] 

NiTi CD: FeCl3 nanogrid structure, bioactive 

surface promoting hydroxyapatite 

growth after 14-day immersion in 

Hank’s solution 

[111] 

NiTi ECD: HNO3 hierarchically porous composite 

of NiTi/ hydrogels with high 

water retention capacity for 

antibiofouling performance 

[112] 

 

 

7. Challenges and opportunities  

Dealloying technique is a controlled corrosion method for developing self-organized np- 

morphology with large surface areas. This method, being one of the very old techniques, still 

finds application in emerging fields like energy storage, sensing, catalysts, and biomedical 

implants made up of Ti alloys. In the past decades researchers have been able to successfully 

discover new ways to dealloy Ti-based alloys for production of np-TiO2 layer. Despite these 

attempts, it is required that more research is done to find the full potential of this technique. In 

the current scenario dealloying of Ti faces difficulties of passivation when immersed in 

chemical solutions due to high stability of TiO2 layer, hence, etching of other elements becomes 

difficult. In the case of liquid metal dealloying current work is focused on using Mg melt but 

it possesses some challenges because handling of Mg is difficult, and it cannot be scaled easily 

for commercial purposes. Also, the solid-state and vapor-phase dealloying techniques pose 

certain limitations with the type of dealloying components. These techniques require further 

optimization and better understanding of the dealloying process in order to tailor the np-

structures as per the desired application. The dealloying method can provide new pathways for 

synthesis of np-Ti-based alloys with multiple components. A. Chuang and J. Erlebacher [113] 

discussed progress and challenges in integrating dealloying method with additive 

manufacturing which expands opportunity for scientific community to incorporate these two 

techniques to make nanocomposites and np-materials with wide selection of elements from the 

periodic table. The authors further discussed the ongoing research on the dealloying of 

additively manufactured materials like Au-Ag, Ni-Cu using electrochemical route, while SiC 

using liquid melt dealloying technique. Several alloys produced with selective laser 

melting/sintering were treated using dealloying methods. For instance, electrochemical 

dealloying was used for Cu-Mn, Al-Si, while liquid-melt dealloying was used on Co-Cr-Mn, 
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Fe-Cr-Ni and Nb-Ti, and solid-state and vapor-phase dealloying were used on Fe-Ni and Brass 

respectively.  

In the past decades amorphous alloys with compositions containing biocompatible elements 

such as Ti, Zr, Pd are explored [114–118]. Wang et al. studied the biocompatibility of 

Ti41.5Zr2.5Hf5Cu37.5Ni7.5Si1Sn5 amorphous alloy and pure Ti, using in vitro cell response and in 

vivo animal response. The results indicated that the two materials were well integrated with a 

gap less than 5 µm between bone tissue and implant after one-month post-implantation. 

However, presence of Ni and high content of Cu was considered concerning [119], and 

suggested the necessity to evaluate the biocompatibility of Ti41.5Zr2.5Hf5Cu37.5Ni7.5Si1Sn5 

amorphous alloy for long-term implantation. Liu et al. studied the cytocompatibility of three 

different Ti–Zr–Cu–Fe–Sn–Si amorphous alloys and Ti–6Al–4V alloy with mouse pre-

osteoblast MC3T3-E1 and found that cell viability in the Ti47Zr7.5Cu40Fe2.5Sn2Si1 amorphous 

alloy extracts was slightly higher than that in the Ti–6Al–4V alloy extract [120]. Yang et al. 

reported that (Ti, Zr, Cu)92.5Fe2.5Sn2Si1Ag2 amorphous alloy showed moderate bio-corrosion 

resistance and good biocompatibility with MC3T3-E1 cells in a direct and indirect in vitro cell 

culture [121]. Kokubun et al. conducted an in vivo evaluation of Ti40Zr10Cu34Pd14Sn2 

amorphous alloy and found that it showed biocompatibility and integration to bone tissue, with 

no abnormal findings or inflammation detected up to three months post-implantation [122]. 

Despite these advantages, amorphous alloys with high Cu concentration are observed to suffer 

from wear and localized corrosion and cytotoxicity [123]. Therefore, it is important to modify 

the surface of the implant material (chemical composition, morphology, and roughness) for 

improving biocompatibility and reducing the risk of adverse reactions [124–129].  

 

The primary objective of this thesis is to explore and assess the applicability of dealloying 

techniques on Ti-based multicomponent amorphous alloys, with a specific focus on advancing 

the use of these techniques for biomedical implant applications. Subsequent chapters of this 

thesis delve into the detailed findings corresponding to each specific aim for providing a 

comprehensive exploration of the research objectives. 
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Chapter II 

PRECURSOR ALLOY PREPARATION         

 

Specific Aim 

• To develop and characterize amorphous alloy with biocompatible elements (Ti and Zr) 

and antimicrobial elements (Ag, Fe, and Cu) for potential use as implant materials.  

 

1. Introduction 

Amorphous alloys (or metallic glasses) have unique structural characteristics, i.e., they have 

an amorphous structure free from microstructural defects such as dislocations and grain 

boundaries, therefore offering an appealing array of properties and processing capabilities for 

implant applications [130]. Key features of the amorphous state in metals, pertinent to 

structural implants, encompass high strength and hardness, promising robust load-bearing 

capacity, wear resistance, and a reduced elastic modulus that, associated with high values of 

elastic strain limit, can potentially reduce the stress-shielding effects [131,132]. To effectively 

use amorphous alloys as implanted materials, it is important to design alloys with high GFA, 

i.e., high capability to form an amorphous phase during solidification even when slow rates of 

solidifications are used (100 K/s). In fact, metallic glasses with high GFA can be obtained 

completely amorphous via conventional liquid metal casting with centimeter-sized cross-

sections, so perfectly fitting the needs of the implant materials [133,134]. Therefore, it is 

important to design the right composition that both enable a high GFA and include elements 

with good biocompatibility [135,136]. In this respect, Calin et al. presented a critical review on 

biological response of various elements to the human body and their influence on GFA when 

added to Ti. The list of biocompatible elements includes Zr, Si, and Sn, whereas Cu, Fe and 

Ag are harmful to the human body [137]. Cu is a good glass former when added to Ti [138], 

however it poses significant health risks when present in high concentrations [139] such as 

contributing to the development of osteoporosis, angiogenesis, and coronary heart disease 

[140,141]. The high Cu fractions are the main reasons for pitting corrosion in Ti-Cu-based and 

Zr-Cu-based BMGs. This pitting corrosion is a significant concern for the long-term 
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performance of these materials and can lead to expected early implant failure [142–144]. To 

overcome this issue, a potential strategy is to focus on enhanced surface oxidation to minimize 

the release of Cu ions into the physiological environment and reduce the risk of inflammatory 

reactions or cell death [145]. Nevertheless, the presence of Cu in small amount (1 wt % and 5 

wt %) in Ti based alloys shows antibacterial properties [146]. Several studies have reported the 

synthesis of amorphous alloys based on Ti-Zr-Cu-Pd system with minor additions of Si, Sn, 

Nb, Ta, and Sc for biomedical applications [147–149]. Moreover, Ti based amorphous alloys 

without Pd were developed in order to decrease the material costs [150,151]. Y. Liu et al. 

developed Ti-Cu-Zr-Fe-Sn-Si amorphous alloys, with high GFA proved by a relatively large 

critical diameters of 3 mm, i.e., the maximum diameter for which an alloy can be obtained 

completely amorphous by conventional liquid metal casting. These alloys are characterized by 

a high (Ti + Zr)/Cu ratio (1.25 - 1.42) that was demonstrated to be beneficial in improving bio-

corrosion resistance and biocompatibility. Moreover, the presence of different elements with 

large atomic size mismatch promotes atomic packing density and inhibits constituent elements 

diffusion, leading to an enhanced resistance to crystallization. The addition of Si and/or Sn 

elements in the Ti-based amorphous alloy system improved the glass-forming ability for other 

Ti-based amorphous alloy systems [120]. Recently, Pang et al. reported a new alloy, 

Ti47Cu38Zr7.5Fe2.5Sn2Si1Ag2 at %, with a critical diameter of 7 mm, displaying Young’s 

modulus around 100 GPa, similar to Ti6Al4V alloy (discussed in chapter 1, section 5.1). This 

composition shows a good combination of mechanical properties and cytocompatibility with 

MC3T3-E1 osteoblast cells [152]. Starting from this composition, in the present study, a new 

amorphous alloy with composition Ti42Cu40Zr8.5Fe2.5Sn2Si2Ag3 and Ti40Cu40Zr11Fe3Sn3Ag3 at 

% were designed. The concentration of Ti, Sn, Si, Zr and Cu was adjusted to enhance the GFA 

and in particular (i) the (Ti + Zr)/Cu ratio was maintained high (=1.28) and (ii) Sn and Si 

concentration was increased to potentially extend the supercooled liquid region. Further, 

characterization of master alloy and amorphous ribbon was performed using X-ray diffraction, 

scanning electron microscope, differential scanning calorimetry, inductively coupled plasma 

with optical emission spectroscopy to investigate the structural and thermal properties.  

The studies related to ICP-OES, AFM, amorphous ribbon preparation was carried out at 

Institute of Complex materials, Leibniz-Institute for Solid State and Materials Research 

Dresden (Leibniz IFW Dresden), Dresden, Germany during my period abroad.  
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2. Experimental Procedure 

2.1 Preparation of master alloy and as-quenched ribbons 

Two master alloy (MA) ingots with compositions Ti42Cu40Zr8.5Fe2.5Sn2Si2Ag3 at % and 

Ti40Cu40Zr11Fe3Sn3Ag3 at %, named MA1 and MA2 respectively, were prepared by arc melting 

pure elements under inert atmosphere of argon. Pure elements such as Ti (99.99 %), Cu (99.99 

%), Zr (99.5 %), Sn (99.99 %), Si (99.999 %), Fe (99.95 %), Ag (99.99 %) were arc melted 8 

times to ensure homogenization. The master alloys were melt-spun to produce metallic glass 

ribbons using planar flow casting technique using boron nitride (BN) crucible and melted using 

induction heating. The molten liquid was ejected with an over pressure on a rotating Cu wheel 

in an argon atmosphere of 1 bar. The produced ribbon samples and selected parameters are 

described below in Table 2.1.  

 

Table 2.1. Melt spinning parameter of master alloys, Ti42Cu40Zr8.5Fe2.5Sn2Si2Ag3 MA1 and 

Ti40Cu40Zr11Fe3Sn3Ag3 MA2. 

Ribbon Tempe

rature 

(°C) 

Over 

pressure

(bar) 

Wheel 

speed 

(m/s) 

Crucible Crucible 

to Wheel 

distance 

(mm) 

Width 

(mm) 

Thickness 

(µm) 

Image 

MA1         

Ribbon 1 1000 0.25 25 Boron 

Nitride 

(BN) 

0.3 10 60-65 

 

MA2         

Ribbon 1 965 0.3 30 BN 0.25 9 50-55 

 

Ribbon 2 1050 0.3 30 BN 0.25 2 50-55 

 

Ribbon 3 1018 0.25 32 Quartz 

with 

BN 

spray 

coating 

0.3 4 50-60 
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2.2 Characterization of master alloy and as-quenched 

ribbons 

The structure of Ti42Cu40Zr8.5Fe2.5Sn2Si2Ag3 MA1 and Ti40Cu40Zr11Fe3Sn3Ag3 MA2 master 

alloys and as quenched ribbons was analyzed by X-ray diffraction (XRD) with a Panalytical 

X’Pert apparatus. The cross section of master alloys was analyzed using Cu K α radiation (λ= 

1.5418 Å) in Bragg Brentano geometry. The measurements were made at tension of 40 kV and 

current of 30 mA. The slit sizes used were 1/4 degree and 5 mm at 600 and 800 counts, 

respectively. The microstructure of the master alloys was analyzed using scanning electron 

microscope (SEM) (Tescan Vega 4). The elemental composition of the master alloys was 

analyzed using Energy Dispersive Spectroscopy (EDS) (Ultim Max 40 mm2 Oxford 

instruments) with a minimum of five measurements for each crystalline phase.  

The thermal behavior of the as-cast master alloy was investigated using a high temperature 

differential scanning calorimetry (SETARAM multidetector). The samples were placed in an 

Al2O3 crucible surrounded with Y2O3 powder, 10°C/min of heating rate was maintained 

during the measurement up to 1550 °C. Constant flow of Helium gas was maintained inside 

the experimental chamber. The measurement was performed at 10-2 mbar vacuum pressure.  

The structural analysis of as quenched ribbons was performed using XRD at tension of 40 kV 

and current of 30 mA using a slit size of 1/4 degree, 5 mm with step size of 0.0167 and scan 

speed of 600 counts.  

The thermal properties of the Ti42Cu40Zr8.5Fe2.5Sn2Si2Ag3 MA1 and Ti40Cu40Zr11Fe3Sn3Ag3 

MA2 ribbon were analyzed using differential scanning calorimeter (DSC Perkin Elmer DSC 

8000) at a heating rate of 20 °C/min in Al2O3 pan from 50 °C to 650 °C under argon 

atmosphere.  

The elemental composition of the as quenched ribbons was analyzed using Inductively Coupled 

Plasma with Optical Emission Spectroscopy (ICP OES, iCAP6500 DUO, Thermo Fisher 

Scientific GmbH).  

The surface roughness of samples was analyzed using atomic force microscopy (AFM) under 

ambient conditions using a Bruker Dimension Icon AFM in tapping mode with a scan rate of 

0.5 Hz. A TESPA-v2 probe was used with a resonance frequency of 320 kHz. The AFM data 

was analyzed using WSxM5.0 Develop 10.0 and/or Gwyddion 2.56. AFM images were 

acquired at 1 × 1 µm2 on three different spots of the samples for calculation of average root 

mean square (RMS) roughness of the sample surface. 
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3. Results and Discussion 

3.1 Characterization of master alloy  

The microstructure and composition of Ti42Cu40Zr8.5Fe2.5Sn2Si2Ag3 MA1 and 

Ti40Cu40Zr11Fe3Sn3Ag3 MA2 alloys were analyzed using SEM and EDS. The SEM image of 

MA1 in Figure 2.1 (a-b) shows the presence of five distinct crystalline phases: phase 1 with a 

dendritic shape, phase 2 and phase 3 with a lamella like shape, and two phases in small 

concentration, i.e., phase 4 in grey scale with rounded morphology and phase 5 with small 

black crystals. EDS analysis was performed on the identified phases to determine the 

distribution of Ti, Cu, Zr, Fe, Sn, Ag, Si elements and the results are reported in Table 2.2. 

Phase 1 is mainly composed of Ti and Cu in almost equal amount (46.8 at % and 43.7 at % 

respectively) and it can be attributed to the formation of (Ti,Zr)Cu phase with a small amount 

of Zr in solid solution (4.0 %) substituting Ti in the unit cell. Similarly, phase 2 contains Ti, Zr 

and Cu in 29.9, 18.5 and 43.2 at % respectively and it can be related to the formation of the 

Cu2TiZr phase. Phase 3, with concentration of Ti, Zr, Sn and Cu of 28.6, 27.9, 17.7, 18.2 at % 

respectively, can be related to the formation of a (Ti,Zr)5Sn3Cu phase. Phase 4 is constituted 

by  Ti, Zr, Sn and Si in 42.8, 24.3, 10.5, 17.6 at % respectively and it can be attributed to the 

formation of (Ti,Zr)5(Si,Sn)3. Phase 5 contains Ti, Zr and Si in 52.9, 10.6 and 29.6 at % 

respectively indicating the formation of (Ti,Zr)5Si3 titanium silicide.  

Three distinct crystalline phases in black, grey, and white scale were observed in MA2 alloy 

that were related to the same phases described for MA1. In detail, phase 1 is enriched in Ti and 

Cu in 46.8 and 42.4 at % respectively indicating the formation of (Ti,Zr)Cu phase, phase 2 is 

constituted by Ti, Cu, Zr in 36.4, 40.2, 16.2 at % respectively, i.e., Cu2TiZr phase, phase 3 

composed by Ti, Zr, Sn and Cu in 21.7, 35.6, 27.1, 15.1 at % respectively is related to a 

(Ti,Zr)5Sn3Cu phase. 

Figure 2.1. SEM back scatter electrons image of (a) Ti42Cu40Zr8.5Fe2.5Sn2Si2Ag3 MA1 and (b) 

Ti40Cu40Zr11Fe3Sn3Ag3 MA2 alloy ingot with identified phases.  
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Table 2.2. EDS measurement of alloy ingot of Ti42Cu40Zr8.5Fe2.5Sn2Si2Ag3 MA1 and 

Ti40Cu40Zr11Fe3Sn3Ag3 MA2 (at %). Data estimated with the error of 0.01-1 %. 

Phase Ti Fe Cu Zr Ag Sn Si 

MA1 
       

1 46.8 1.4 43.7 4.0 3.7 0.6 0.4 

2 29.9 1.6 43.2 18.5 5.7 0.8 0.0 

3 28.6 0.7 18.2 27.9 1.4 17.7 5.1 

4 42.8 0.5 4.2 24.3 1.7 10.5 17.6 

5 52.9 0.4 5.7 10.6 0.3 0.6 29.6 

MA2 
       

1 46.8 4.7 42.4 4.0 2.9 0.9 NA 

2 36.4 2.1 40.2 16.2 3.9 0.8 NA 

3 21.7 0.3 15.1 35.6 0.9 27.1 NA 

 

In order to confirm the phases identified by SEM/EDS analysis, Ti42Cu40Zr8.5Fe2.5Sn2Si2Ag3 

MA1 and Ti40Cu40Zr11Fe3Sn3Ag3 MA2 master alloys were analyzed by XRD, and the patterns 

are shown in Figure 2.2 (a, b). The patterns of MA1 and MA2 were constituted by the same 

reflections, indicating the presence of the same crystalline phases in the two master alloys. This 

is in line with what was observed in the microstructure, where, apart from the three major 

phases, only two silicides were present in a low amount in MA1 with respect to MA2. 

Therefore, it can be expected that silicide cannot be detected by XRD due to the low intensity 

of the diffraction peaks. The XRD patterns in Figure 2.2 (a) confirm the presence of tetragonal 

TiCu (P4/nmm) [153], hexagonal Cu2TiZr (P63/mmc) [154], and hexagonal Ti5Sn3Cu 

(P63/mcm) [155,156] phases. Slight shift in peak positions was observed due to the presence 

of Zr in substitutional solid solution resulting in changes in the lattice parameter [156]. The 

peaks corresponding to phases 4 and 5 were not observed in XRD spectra of MA1 alloy due to 

their presence in low fraction.  

High temperature DSC scan of MA1 alloy is shown in Figure 2.2 (b). MA1 shows, during 

heating at 10 °C/min, four endothermic peaks partially superimposed, showing that the alloy is 

outside the quinary eutectic point. The first melting event is at 826.8 °C and the liquidus 

temperature (Tl) is at 1188.6 °C. During solidification an undercooling is observed. The DSC 

curve of MA2 alloy is very similar, with four endothermic peaks partially superimposed with 

starting melting temperature of 807.8 °C and Tl of 1094.1 °C. Also, in this case an undercooling 

is observed during solidification. 
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Figure 2.2. Shows (a) XRD patterns and (b) High temperature DSC curve of 

Ti42Cu40Zr8.5Fe2.5Sn2Si2Ag3 at % (MA1) and Ti40Cu40Zr11Fe3Sn3Ag3 at % (MA2) master alloy. 

 

The color map of MA1 alloy in Figure 2.3 (a) showed Ti and Cu were present in phase 1-3 in 

highest concentration. However, phase 4 consisted mostly of Ti and Zr along with Sn and Si. 

While phase 5 was rich in Ti and Si with small content of Zr and Sn. In MA2 alloy EDS color 

map in Figure 2.3 (b) showed presence of Ti and Cu in phase 1-2, whereas phase 3 composed 

of Zr and Sn. The distribution of each element in the described phases complemented the data 

obtained using EDS and XRD.  
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Figure 2.3. EDS color map of (a) Ti42Cu40Zr8.5Fe2.5Sn2Si2Ag3 MA1 and (b) 

Ti40Cu40Zr11Fe3Sn3Ag3 MA2 alloy showing the distribution of the elements in the sample. 

 

3.2 Characterization of as-quenched ribbons 

The master alloys were melt-spun into ribbons using planar flow casting technique following 

parameters mentioned in Table 2.1. Subsequent analysis and comparison of all ribbon samples 

revealed consistent outcomes for the three ribbons derived from the MA2 composition. As a 

result, the data presented and discussed in this section pertains specifically to ribbon 3 of MA2. 

The composition of as quenched Ti42Cu40Zr8.5Fe2.5Sn2Si2Ag3 MA1 and Ti40Cu40Zr11Fe3Sn3Ag3 

MA2 ribbons were investigated using inductively coupled plasma optical emission 

(a) 

 

 

 

 

 

 

 

 

 

(b) 
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spectroscopy (ICP-OES). The results reported in Table 2.3 confirm that the composition of the 

MA1 and MA2 melt-spun ribbons are in accordance with the nominal composition.   

 

Table 2.3. ICP-OES analysis of Ti42Cu40Zr8.5Fe2.5Sn2Si2Ag3 MA1 and Ti40Cu40Zr11Fe3Sn3Ag3 

MA2 as quenched ribbon samples. Data estimated with the error of 0.01-0.20 %.  

 Ti Cu Zr Fe Ag Sn Si 

MA 1 [at %] 41.99 40.07 8.35 2.01 2.98 2.02 1.98 

MA 2 [at %] 40.10 40.15 10.78 2.99 3.01 2.96 NA 

 

The structure of Ti42Cu40Zr8.5Fe2.5Sn2Si2Ag3 MA1 and Ti40Cu40Zr11Fe3Sn3Ag3 MA2 as 

quenched ribbons were analyzed using XRD. In Figure 2.4 (a) XRD spectra of MA1 showed 

low intensity crystalline peaks superimposed to the amorphous halo, due to the formation of 

hexagonal (Ti,Zr)5Si3 (P63/mcm) phase [157]. EDS analysis of the crystalline phases showed 

the presence of Ti, Zr and Si in 50.2, 13.1, 31.0 at % respectively, confirming presence of 

(Ti,Zr)5Si3 phase as shown in Figure 2.4 (a-c). Whereas MA2 ribbons showed a broad halo 

with absence of any diffraction peak indicating formation of fully amorphous ribbon. 

Figure 2.4. (a) SEM micrograph of MA1 ribbon cross section with crystalline phases embedded 

in amorphous matrix. (b) Table with EDS measurement of spot 1 and 2 observed in SEM 

micrograph. (c) EDS map of spots 1 and 2.  

 

The thermal stability of Ti42Cu40Zr8.5Fe2.5Sn2Si2Ag3 MA1 and Ti40Cu40Zr11Fe3Sn3Ag3 MA2 

as-quenched ribbons was determined using DSC analysis as shown in Figure 2.5 (b). The two 
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DSC curves are nearly identical with MA1 composition showing thermal events at slightly 

higher temperature compared to MA2. The DSC trace of MA1 shows exothermic thermal 

events with presence of two crystallization peaks (Tx) with onset temperature of crystallization 

of Tx1 at 426 °C and Tx2 at 525 °C and glass transition temperature (Tg) was observed at 402.5 

°C. The temperature interval of supercooled liquid region ΔTx (ΔTx=Tx-Tg) was 23.5 °C. In the 

case of the DSC trace of MA2 two crystallization peaks were observed with onset temperature 

of crystallization of Tx1 at 422.5 °C and Tx2 at 509 °C. Glass transition temperature (Tg) was 

observed at 382 °C. The ΔTx was 40.5 °C showing a higher thermal stability of the amorphous 

phase with respect to the MA1 ribbon. The ΔH value for first and second crystallization peak 

of MA1 was -22.5 J/g and -70.1 J/g respectively, in accordance with the ΔH values determined 

for MA2 -22.1 J/g and -70.9 J/g for first and second crystallization event respectively. The 

reduced glass transition temperature Tg/Tm and Tg/Tl for MA1 were 0.48 and 0.33 respectively 

and for MA2 were 0.47 and 0.34 respectively suggesting a promising GFA of the alloy 

compositions.  

 

Figure 2.5. (a) XRD graph of as quenched ribbon of Ti42Cu40Zr8.5Fe2.5Sn2Si2Ag3 MA1 and 

Ti40Cu40Zr11Fe3Sn3Ag3 MA2 (arrows showing crystalline peaks observed in MA1 ribbon), (b) 

DSC curve of MA1 and MA2 as quenched ribbon (arrows showing Tg, Tx).   

 

The results obtained from MA2 composition were in agreement with the findings from studies 

in literature [120,158]. Addition of Sn and/or Si has contributed to beneficial effects for thermal 

stability and improved GFA due to their negative heat of mixing and atomic size mismatch 

with Ti [147,159]. However, MA1 composition resulted in formation of partially amorphous 

ribbons due to presence of titanium silicide (Ti,Zr)5Si3 phase. The formation of partially 

amorphous structure in MA1 could be due to incomplete melting of the titanium silicide in the 

master alloy during planar flow casting, due to the high melting temperature of this phase 

[160,161]. Due to the formation of partially amorphous ribbon with MA1 composition, only 

MA2 ribbons were further Investigated for dealloying due to their fully amorphous nature, 

good GFA and thermal stability. 

The dealloying treatments were performed on one specific side of the ribbon i.e., airside 

because morphology of the two sides differs during rapid quenching of the mater alloy. The 
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wheel side of the ribbon adapts to the roughness of the wheel and the gas that remains entrapped 

between the liquid melt and the wheel produces air pockets [162]. Compared to the wheel side, 

the air side has a slightly slower quenching rate, and it results in smooth and wavy morphology 

on the surface [163] as observed by SEM (Figure 2.6 a-b). The structure of the MA2 amorphous 

ribbon (Ti40Cu40Zr11Fe3Sn3Ag3 at %) was analyzed using XRD. Figure 2.6 (c) shows the XRD 

pattern with a broad diffraction peak on wheel side and air side, indicating formation of a fully 

amorphous structure. AFM images of air side of as-quenched ribbon sample is shown in Figure 

2.6 (d). The average RMS roughness is 1.7 ± 0.7 nm.  

 

Figure 2.6. SEM micrographs of MA2 as-quenched ribbon showing (a) airside and (b) wheel 

side (arrows indicating air pockets). (c) XRD pattern air side and wheel side. (d) AFM image 

of airside of as-quenched ribbon sample with scan size 1x1 µm2. 
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Conclusion 

Two alloy compositions were investigated in this study. The Ti42Cu40Zr8.5Fe2.5Sn2Si2Ag3 

(MA1) composition consisting of Si resulted in formation of partially amorphous ribbons due 

to high melting temperature of titanium silicide rich phases which were formed during arc 

melting treatment. While Ti40Cu40Zr11Fe3Sn3Ag3 at % (MA2) composition showed formation 

of fully amorphous ribbons indicating a promising GFA with ΔTx = 40.5 °C. The formation of 

partially amorphous ribbon samples with MA 1 composition shows the possibilities of casting 

defects due to Si thus it is preferable to use MA 2 composition which resulted in the formation 

of fully amorphous ribbons.  

Further developments regarding surface treatment using dealloying techniques were made on 

MA1 and MA2 ribbons. Figure 2.7 shows the schematic flow chart of dealloying treatment and 

parameters applied to the two developed amorphous alloys in this thesis. The results of 

dealloying treatments will be discussed in the next chapters.  

 

Figure 2.7. Schematic flow chart of dealloying treatment and parameters applied on 

Ti42Cu40Zr8.5Fe2.5Sn2Si2Ag3 at %, MA1 and Ti40Cu40Zr11Fe3Sn3Ag3 at %, MA2.
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Chapter III 

CHEMICAL DEALLOYING USING 

VARIOUS ELECTROLYTES 

 

 

Specific Aim 

• To selectively etch Cu from the surface of the Ti40Cu40Zr11Fe3Sn3Ag3 at % amorphous 

ribbons and produce a patterned passivated surface rich in Ti and Zr oxides using 

chemical dealloying technique.  

 

• Explore potential electrolyte combination for selective Cu etching and optimization of 

parameters for achieving tunability in surface composition and morphology.  

 

• Analyze the biocompatibility of the treated ribbon samples involving 

hemocompatibility test, antimicrobial test: reactive oxygen species, biofilm growth and 

bacteria adhesion using Pseudomonas aeruginosa, cytocompatibility test using 

osteoblast cell lines (Saos-2 and Hob). 
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1. Introduction 

Different strategies can be adopted for increasing the surface resistance to the bacteria adhesion 

and biofilm formation, such as non-adhesive surfaces, contact killing surfaces and 

antimicrobial agent releasing surface as discussed in chapter 1, section 3.5. In the present study, 

two strategies were adopted for developing the alloy and its antimicrobial properties: (i) the 

concentration of Ag and Fe was increased to enhance of the antibacterial activity by using a 

contact killing agent strategy and (ii) a modification of the surface morphology was optimized 

in order to hinder the adhesion of the bacteria to the surface. In this respect, surface 

modification of Ti-based alloys is widely attempted for increasing cytocompatibility, 

osseointegration, surface stability and controlled release of metal ion in the human body of 

implanted materials [164].  

Chemical dealloying is a simple and less explored technique which can be used to produce 

unique morphology and surface properties [44,49]. Additionally, it can selectively remove 

harmful or undesirable elements such as Cu which is in high concentration in 

Ti42Cu40Zr8.5Fe2.5Sn2Si2Ag3, MA1 and Ti40Cu40Zr11Fe3Sn3Ag3, MA2 alloy. While this 

technique is facile, it faces some challenges such as controlling the dissolution rate of each 

element in the alloy.  

In this respect, it is important to carefully tailor the process parameters such as temperature, 

time, and composition of the electrolyte [52]. Several attempts have been made in literature to 

chemically/electrochemically treat Ti-Cu based alloys to etch Cu using ferric chloride, 

ammonium salts, hydrogen peroxide/sulphuric acid [165]. The reaction of nitric acid with Cu 

has been discussed widely in the literature [166–169]. S. Zhu et al. reported that dealloying of 

Cu from a Ti40Cu60 at % amorphous alloy, using nitric acid (13.14 M) at 70 °C resulted in the 

formation of a dealloyed layer with thickness around 3-5 µm. Additionally, the authors reported 

the formation of a Ti oxide rich layer on the sample surface [170]. In another study by S.L. Zhu 

et al. it is reported that a np layer on the surface of Ti30Cu70 at % amorphous alloy was produced 

by using 5.36 M of HNO3, at 1.0 V, for 3 h at 70 °C. The np layer thickness was 100 nm and 

it was composed of TiO, Ti2O3, TiO2 and Cu2O [171].  

The limited penetration depth in dealloying of Ti-Cu based amorphous alloys is usually 

observed due to the rapid oxidation of the surface which inhibits surface diffusion and removal 

of atoms. Due to such limitations, the Ti-Cu based systems are not prone to undergo complete 

dealloying in bulk as observed in gold, silver, and platinum alloys [44,56,172]. Therefore, it is 

possible to describe the process as pseudo-dealloying with a change that remains limited to a 

surface layer. Our recent work has demonstrated a strategy of electrochemical pseudo-

dealloying of Ti47Cu38Fe2.5Zr7.5Sn2Si1Ag2 metallic glass in an acidic solution to generate np 

oxide layers which improves the corrosion resistance of the treated surface in a synthetic body 

fluid compared to untreated surfaces [173].  

Amorphous alloys with a combination of compositions (Ti, Cu, Zr)92.5Fe2.5Sn2Si1Ag2 [121], 

Ti47Cu38-XZr7.5Fe2.5Sn2Si1Ag2NbX (x = 0, 1,2 at %) [136], Ti47Cu38-XZr7.5Fe2.5Sn2Si1Ag2PdX (x 
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= 1, 2, 3, and 4 at %) [148] and (Ti, Zr, Cu)94.5Fe2.5Sn2Si1 [120] have shown promising 

cytocompatibility with mouse MC3T3-E1 pre-osteoblast cell line indicating the potential of 

these compositions for biomedical implant application. It is important to consider the presence 

of Cu in these compositions. It is known that Cu is crucial for enhancing the glass forming 

ability of the Ti-based alloys [174,175], whereas its presence in high concentration can cause 

cytotoxicity, especially in long term implantation.  

In a study by Lin et al. [176] the authors investigated ion release, corrosion behavior in hanks 

solution mimicking cell membrane potential, in vitro cytotoxic effects using mouse bone 

marrow stem cells and in vivo study on tibias of Sprague-Dawley rats using three different 

compositions of metallic glasses, Ti45Zr40Si15, Ti45Zr40Si10Cu5, and Ti45Zr20Cu35 at % 

containing different levels of Cu. The result showed that Ti, Zr and Cu ion release and 

associated cytotoxicity are dependent on the chemical composition of the metallic glasses. The 

absence or low levels of Cu in MGs exhibit excellent corrosion resistance in Hank's solution 

and low cytotoxicity. No inflammatory reaction was observed until 12 weeks of in-vivo study. 

However, the high-Cu metallic glass displays poor in-vitro cell viability (<80 %) due to ion 

release and pitting corrosion warranting further investigation for long-term biocompatibility. 

Ti-based alloys and Cu oxides are known to generate Reactive Oxygen Species (ROS) through 

a mechanism that involves the Fenton-type reaction [177]. Redox-active metal transition ions, 

such as copper and iron, are likely responsible for reactivity in ROS generation. Besides 

chemical composition, other alloy properties such as surface roughness, porosity, mechanical 

properties, which affect the extent of the exposed surface and the corrosion resistance, may 

influence ROS generation [178]. The ROS produced by the material can damage bacteria 

membranes and hinder their attachment to implant surfaces, thus reducing implant rejection 

due to biofilm formation and increasing the biocompatibility of the material [179,180]. On the 

other hand, if ROS production is excessive, it may reduce cell adhesion and viability, possibly 

impairing osseointegration [181]. Indeed, elevated ROS levels can have detrimental effects on 

osteoblast activity, leading to a reduction in extracellular matrix synthesis and mineralization, 

and potentially osteoblast cell death.  

Demonstrating the safety and cytocompatibility of these alloys is an essential prerequisite for 

their consideration as potential biomaterials for medical applications [182]. Therefore, in order 

to assess the biocompatibility of new Ti-based alloys it is of importance to evaluate the ROS 

production and cytocompatibility and to tailor the material surface morphology and chemistry 

to control mechanisms of cell damage. One of the requirements for implants in contact with 

blood is to not cause acute hemolysis, i.e., to be hemocompatible. For instance, 316 L-stainless 

steel and cp-Ti are considered hemocompatible, recent study comparing the two materials 

showed that Ti-8Mo-2Fe alloy did not cause hemolysis [183]. Ti-Nb-Zr-Si thin film metallic 

glass showed enhanced hemocompatibility with respect to the Ti6Al4V specimen [184]. Thus, 

Ti-based amorphous alloys appear as good candidates in terms of blood compatibility.  

In this chapter, chemical pseudo-dealloying of Ti42Cu40Zr8.5Fe2.5Sn2Si2Ag3 MA1 and 

Ti40Cu40Zr11Fe3Sn3Ag3 MA2 amorphous alloy is attempted using various electrolytes to 

improve biocompatibility and induce ROS production for an effective antibacterial activity. 
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The evolution of surface morphology was investigated for the most promising electrolyte by 

altering treatment parameters such as time and temperature. Further the wettability and release 

of ROS, such as hydroxyl radicals, was evaluated in a cell-free system. Additionally, 

hemocompatibility was measured using sheep’s defibrinated blood, and cytocompatibility of 

the samples was studied using two human osteoblast cell lines (Saos-2 and HOb) to understand 

the applicability of these materials for implant application.  

Surface characterization utilizing AES and FIB was performed at Leibniz-Institute for Solid 

State and Materials Research Dresden (Leibniz IFW Dresden), Dresden, Germany during my 

period abroad. The studies related to cytocompatibility were performed in Departament 

Biologia Cellular, Fisiologia i Immunologia, Universitat Autonoma de Barcelona, Spain during 

my period abroad. Additionally, the antimicrobial testing was performed in collaboration with 

School of Biomolecular and Biomedical Science, University College Dublin, Ireland. 
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2. Experimental Procedure 

2.1 Chemical pseudo-dealloying attempts  

Surface treatment of Ti42Cu40Zr8.5Fe2.5Sn2Si2Ag3 MA1 ribbons were performed using 14.6 M 

HNO3 at RT for 2 months and at 70 °C for 24, 48, 72 h using a water bath. 

While Ti40Cu40Zr11Fe3Sn3Ag3 MA2 amorphous ribbons were treated using combination of 

different electrolytes. The electrolytes and parameters for chemical selective dissolution 

treatment are reported in detail below.  

i. 0.1 M FeCl3 at 70 °C for 30 minutes (min).  

ii. Sulphuric acid (95 %, H2SO4) and hydrogen peroxide (30 %, H2O2) in 1:1 volume ratio at 

room temperature (RT) for 75 min.  

iii. 0.1M solution of ammonium per sulphate (NH4)2S2O8 at RT for 3 days.  

iv. Artificial Sea water at 70 °C for 10 days. 

v. Nitric acid (65 %), hydrofluoric acid (40 %) and deionized water in 2HNO3:0.5HF:3H2O vol 

ratio at 70 °C for 6 h (hours). 

vi. Nitric acid (65 %), sulphuric acid (95 %) and deionized water in 6HNO3:1H2SO4:3H2O vol 

ratio at 70 °C for 72 h. 

vii. 14.6 M HNO3 at RT for 2 months and at 70 °C for 24, 48, 72 h using a water bath. 

viii. 7 M HNO3 at 70 °C for 72 h using a water bath.  

Before treatment, ribbon samples were ultrasonically cleaned for 5 min in acetone and ethanol 

followed by air drying and after the treatment samples were rinsed with deionized water for 

five times and dried at ambient temperature. In the case of samples etched with nitric acid, 

drying of the samples was performed using oven at 50°C for 12 h to ensure removal of residual 

electrolyte and water from the sample surface.  

The morphology and chemical composition of treated ribbon was characterized using a 

TESCAN Vega 4, Scanning Electron Microscope (SEM) equipped with Ultim Max 40 mm2 

Oxford instrument electron dispersive spectroscopy (EDS). TESCAN S 9000 G Field Emission 

Scanning Electron microscope (FESEM) was used to analyze the morphology of the ribbons. 

The cross section of the sample was analyzed by in-situ cutting using a focused ion beam (FIB) 

inside the FESEM (FIB Helios 5 CX, Thermo Scientific). Image J software was used to 

calculate the pore diameter and ligament size of the treated ribbons. 

Auger electron spectroscopy (AES) was used for determining the chemical composition of the 

sample surface. Additionally surface depth profiling of the samples was performed, using a 

JEOL JAMP 9500F with Ar ions of 1 keV at 30° angle. The sputtering rate was measured using 

a reference sample i.e., 6 nm/min (SiO2 deposited on Si wafer). The AES measurements were 
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performed with 10 kV and 10 nA beam condition. All sample surfaces were sputter cleaned for 

30 seconds (sec) prior to AES measurements to remove adventitious carbon contamination.  

2.2 Wettability study 

The wettability of the ribbons was analyzed using a Theta Lite optical tensiometer, Biolin 

Scientific Goniometer. The contact angle was measured on freshly prepared ribbons using 3 

µL of deionized water in sessile drop mode after 1 sec of placing the drop. OneAttension 

software was used to measure the contact angle. This analysis was performed on the air side of 

the ribbons with a minimum of 3 measurements on each ribbon produced in triplicate.  

2.3 Hemocompatibility study 

The hemocompatibility of the ribbons (0.4 × 3 cm) was evaluated according to ISO-10993-4 

(2017) standards [35], using defibrinated sheep blood (Microbiol Diagnostics). The blood was 

diluted with 10 mM phosphate buffer solution (PBS, Merck) in 4:5 ratio and calibrated using 

a positive control of 0.2 mL diluted blood in 10 mL of deionized water (Merck-Millipore). The 

absorbance of the positive control was adjusted to 0.9 - 1.0 by adding PBS or blood. The 

absorbance of the released hemoglobin (Hb) was measured at 540 nm using a UV/vis 

spectrophotometer (Uvikon, Kontron Instruments). A negative control with 10 mL of PBS and 

0.2 mL diluted blood was additionally prepared. Commercially purchased Mg alloy 

(Mg93/Y4/Nd3 (WE43B, Goodfellow)), and quartz particles (Min-U-Sil 5, U.S. Silica, 200 

cm2/mL, and specific surface area of 5 m2/g) were used as a positive reference material. Cp-Ti 

was used as a negative reference material. The samples were sterilized with 70 % ethanol, 

further washed with deionized water and PBS. The samples were immersed in 10 mL of PBS 

and pre incubated at 37 °C for 30 min. Further, 0.2 mL of diluted blood was added into test 

tubes and incubated at 37 °C for 60 min. After incubation, the solution of each tube was 

centrifuged at 500 g (Centrifuge Rotina 380R) for 5 min. The percentage of hemolysis was 

calculated using equation 3.1.  

% Hemolysis =
Abs(test)  − Abs(negative control) 

Abs(positive control)  −  Abs(negative control) 
× 100         (3.1) 

Hemoglobin adsorption (Abs) by the samples was investigated using purified red blood cells 

(RBC). The absorbance of the hemolyzed blood was adjusted to 0.9 - 1 and a final volume of 

10.2 mL of blood in PBS was frozen in the fridge at -20 °C overnight and defrosted to obtain 

lysed RBC. Then the solution was centrifuged at 10,000 g for 10 min. The supernatant solution 

containing Hb was recovered. The samples were incubated in the solution containing Hb for 

60 min at 37 °C. After the incubation, the absorbance of the Hb was measured. The 

measurements were performed in triplicate.  
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2.4 Release of reactive oxygen species study  

Generation of hydroxyl radical (•OH) was evaluated using the spin trapping technique coupled 

with electron paramagnetic resonance (EPR) spectroscopy. In this study, we optimized 

experimental conditions to enhance the detection of surface reactivity in cell-free assays.  

The samples were ultrasonically cleaned using acetone followed by 70 % ethanol for 10 min. 

Ribbon samples (0.4 × 1 cm) were immersed in 375 µL of 0.13 M H2O2 in phosphate buffer 

0.33M (PB, Sigma-Aldrich), pH 7. The concentration of H2O2 mimics oxidative stress levels 

found in inflamed cells, exceeding typical concentrations in healthy tissues. The ribbons were 

incubated in a thermostatic shaker at 37 °C in the dark for 10 min. Following the incubation, 

an aliquot (180 µL) of the supernatant from each group was separated. The effect of 10 min 

contact with this oxidizing environment, which mimics what can be found in inflamed tissue, 

on the ability to generate •OH radicals was evaluated on both the supernatant and the ribbon 

samples. Then, 125 µL of 0.17M of 5,5-dimethyl-1-pyrroline-1-oxide (DMPO, Cayman 

Chemical Company), used as spin trap molecule, was added to the ribbons and the supernatant. 

The mixtures were again incubated in a thermostatic shaker at 37 °C in the dark. The final 

concentration of reagents in the solution was DMPO 0.07M, PB 0.2M and H2O2 0.06M, pH 7. 

The pH of 7 was chosen, instead of the more acidic pH usually found in inflamed tissues, to 

avoid a decrease in signals that can be observed at acidic pH due to the lower stability of 

DMPO. EPR spectra was recorded by collecting an aliquot of the solution in a capillary at time 

point (0), 10, 30 and 60 min of incubation. The kinetics of •OH radical release was studied until 

60 min after DMPO addition, due to the rapid degradation of DMPO. Miniscope MS100 

(Magnettech) with modulation of 1000 mG, scan range of 120 G, attenuation 7 dB and center 

of field at 3330 G was used for measuring EPR spectra. A negative control was prepared 

without the ribbon samples. All the measurements were performed in duplicates. The 

concentration of released hydroxyl radical was calculated by double integration of the EPR 

spectra using OriginPro 2023b software.  

2.5 Metal ion release study 

The ribbons (0.4 × 0.6 cm) were immersed in DMEM (Dulbecco modified eagle medium, 

Gibco, ThermoFisher Scientific) cell culture media without cells for 3 days at 37 °C for ion 

release study. Later aliquots of 1 mL were collected for analyzing ions released in the media 

using inductively coupled plasma mass spectrometry (ICP-MS) Agilent ICP-MS, model 7900. 

The study was performed with 3 replicates and compared with blank which was cell culture 

media without ribbon.  

2.6 In vitro cytocompatibility study 

The ribbons (0.4 × 0.6 cm) were sterilized using absolute ethanol for 5 min, and glass coverslips 

of 1.5 cm diameter were used as control. The experiments were performed in triplicate. 
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Two different cell lines were used in this study: the human Saos-2 infinite cell line, derived 

from a human osteosarcoma (ATCC collection), and the finite cell line HOb obtained from 

healthy human donors. Both cell lines were cultured in DMEM supplemented with 10 % (Saos-

2 cells) or 20 % (HOb cells) of FBS (fetal bovine serum, Gibco) and incubated at 37 °C and 5 

% CO2. The ribbons were seeded with 50,000 Saos-2 cells per mL or with 20,000 HOb cells 

per mL in a 24 well plate. 

The cytotoxicity of ribbons was evaluated on day 3 using live/dead kit for mammalian cells 

(Invitrogen) following manufactures protocol. Calcein was used to stain live cells (green) and 

ethidium bromide was used to stain dead cells (red). The stained ribbons were observed using 

an inverted fluorescent microscope (Olympus IX71). The images were processed using ImageJ 

software and percentage of cell viability was determined.  

The morphology of the adhered cells to the ribbons at day 3 of culture was analyzed using FE-

SEM (Merlin; Zeiss). The samples were rinsed with PBS and fixed in 4 % paraformaldehyde 

for 20 min at RT. The samples were later rinsed with PBS and dehydrated using gradient of 

ethanol ranging from 50, 70, 90 and 100 % for 10 min each. Finally, the samples were dried 

using hexamethyl-di-silazane (Electron Microscopy Sciences) for 10 min. The samples were 

sputter coated with gold before imaging.  

Cell adhesion and cytoskeleton organization of cells growing on ribbons was investigated after 

3 days in culture. The cytoskeleton was visualized by staining actin filaments using phalloidin. 

After incubation, the cells were fixed with 4 % paraformaldehyde for 20 min, followed by 

immersion in 0.1 % triton for 15 min and later in 1 % TWIN for 20 min at RT. Samples were 

then immersed in 1 % PBS-BSA for 20 min at RT. Further, cells were stained by immersing in 

a mixture of Phalloidin-Alexa 594 (ThermoFisher Scientific), and Hoechst 33258 (Sigma-

Aldrich) for 1 h at RT. Finally, cells were washed with PBS and analyzed using confocal laser 

scanning microscope (CLSM, Leica SP5). The images were processed using Imaris viewer 

9.9.1 software.  

The alamar blue assay kit (Thermofisher Scientific) was used to investigate proliferation after 

day 1, 3, 7 of incubation of cells on ribbons. On day 1, ribbons with adhered cells were 

transferred to new wells. Then, samples were incubated in a mixture of cell media and Alamar 

blue reagent (10:1 dilution) for 4 h in dark condition at 37 °C and 5 % CO2. A negative control 

without sample was prepared as a standard reference. After the incubation period supernatant 

was collected, and fluorescence was measured at 585 nm with excitation wavelength at 560 nm 

using a Varian Cary Eclipse Fluorimeter (Agilent Technologies, Santa Clara, CA, USA). The 

same procedure was performed on day 3 and 7 of cell culture. Media was changed after each 

time point of study. The data were normalized to day 1.  

Cell differentiation was investigated by assessing the ALP (alkaline phosphatase) activity. The 

cells were incubated on the ribbon and after 7 and 14 days, the incubated cells were lysed in 

CyQuant cell lysis buffer (Thermo Fisher Scientific) by transferring the samples to eppendorf 

tubes and subjecting them to 10 min of lysis, followed by 10 sec of vortexing. The resulting 

cell lysates were then centrifuged at 12,000 rpm for 4 min at 4 °C, and the supernatants were 
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collected. To measure ALP activity, the hydrolysis of p-nitrophenyl phosphate (pNPP) was 

employed, leading to the production of p-nitrophenol (pNP). Specifically, 25 µL of 1-step 

pNPP (Thermo Fisher Scientific) was mixed with 25 µL of the collected supernatant. The 

absorbance at 405 nm was measured using a Nanodrop Spectrophotometer (Thermofisher 

Scientific). 

 

2.7 Antimicrobial activity 

2.7.1 Measuring biofilm formation 

To investigate biofilm formation, gram-negative Pseudomonas aeruginosa (PAO1) was 

utilized. The bacterial inoculum was grown in Lysogeny broth (Sigma-Aldrich, LB media: 1 

% tryptone, 0.5 % yeast extract, 0.5 % NaCl) in deionized water (H2O). Prior to bacterial 

incubation, the samples (0.4 × 2 cm) underwent sterilization by immersion in 70 % ethanol, 

and each study was conducted with three biological replicates and two technical replicates. 

Overnight cultures of Pseudomonas aeruginosa were grown overnight in 15 mL of LB media 

at 37 °C. Bacteria were quantified by diluting an aliquot 1:10 in fresh media and the optical 

density (OD) was measured at 600 nm using a spectrophotometer (Spectramax m384) Cultures 

were then equalized to 0.1 OD600 cultures (107 CFU/mL) in preparation for incubation. The 

samples were then incubated without shaking in 1 mL of the equalized bacterial culture for 24 

h at 37 °C in sterile 24-well, flat-bottomed, tissue culture-treated plates. 

Following the incubation period, the samples were transferred to a new well-plate containing 

phosphate-buffered saline (PBS) solution and rinsed gently three times with PBS to remove 

non-adhered planktonic bacteria. Subsequently, the samples were dried at 37 °C for 30 min. 1 

% crystal violet (CV) solution (1 mL) was added to each well and left at room temperature for 

15 min. After staining, the ribbons were transferred to a new well-plate and rinsed three times 

with PBS and dried at 37 °C for 30 min. 1 mL of elution buffer (80 % ethanol and 20 % acetone) 

was then added to the wells and left at room temperature for 15 min. Afterwards, 1 mL of this 

elution was transferred to an optically clear plastic cuvette, and the OD of the solution was 

measured at 595 nm using elution buffer as blank providing a quantitative measurement of 

biofilm biomass. 

2.7.2 Measuring bacterial adhesion 

An overnight culture of Pseudomonas aeruginosa (PAO1) was grown in LB media. 

Subsequently, 2 mL of the culture was centrifuged in an Eppendorf tube at a speed of 3000 

RPM for 15 min, leading to the formation of a visible pellet. The LB media was carefully 

discarded, and the pellet was resuspended in a 50/50 mixture of PBS and water to prevent 

osmotic stress. Soft pipetting was employed for resuspension. The mixture was subjected to 

another round of centrifugation, and the PBS-water combination was discarded. The pellet was 

completely resuspended in 1 mL of deionized water using soft pipetting. 
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The optical density (OD) for each Eppendorf tube was measured at 600 nm using a 

spectrophotometer, with deionized water as blank. Another Eppendorf tube was prepared for 

each biological replicate, with the OD equalized to 0.1 in deionized water. The required 

adjustments were made to ensure the uniformity of the samples. 

The samples of amorphous ribbon before and after treatment were sterilized with 70 % ethanol 

and allowed to dry in a fume hood. After the drying process, 25 µL of the equalized 

Pseudomonas aeruginosa (OD: 0.1) tube was added to the top of each sample and spread gently 

over the surface using a pipette. The samples were then left to dry for a period of 2 h in the 

fume hood. Once completely dried, the samples were fixed using a gradient of ethanol washes 

from 100-50 % and dried under ambient conditions. Cp-Ti and cp-Cu plates were used as 

control samples.  

Surfaces were imaged before and after incubation with Pseudomonas aeruginosa using 

amplitude modulation atomic force microscopy (MFP-3D, Asylum Research) operated with Si 

probes (NCH, Nanosensors) having a nominal spring constant of 42 N/m and resonance 

frequency of 330 kHz. Representative images at 10 x10 µm are shown from images collected 

in multiple locations. For presentation, images were flattened to remove sample tilt, horizontal 

correction was applied if required. All samples are shown with a uniform Z height scale of 400 

nm with exception of cp-Cu that has a height of 800 nm due to its complicated topography.  

 

2.8 Statistical analysis 

Data are presented as the mean ± standard error mean (SEM) unless otherwise stated. Normally 

distributed data were analyzed by one-way ANOVA or two-way ANOVA followed by 

Dunnett's or Tukey’s post hoc test. A 95 % confidence interval was applied, and values with P 

< 0.05 were deemed statistically significant, unless otherwise stated. The GraphPad Prism 8.0.2 

software was used for conducting statistical analysis. 
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3. Results and Discussion  

3.1 Investigation and characterization of 

Ti42Cu40Zr8.5Fe2.5Sn2Si2Ag3 MA1 ribbons treated using nitric 

acid 

Chemical dealloying was applied to Ti42Cu40Zr8.5Fe2.5Sn2Si2Ag3 MA1 partially amorphous 

ribbons. The treatment involved immersing ribbon samples in a 14.6 M HNO3 solution at 70 

°C for varying durations (24, 48, and 72 hours) and at room temperature (RT) for an extended 

period of 2 months. The analysis was focused on the airside of the ribbon due to its smooth 

morphology. 

The SEM images revealed the emergence of crystals on the surface of treated ribbon samples 

after 24, 48, and 72 h, with the latter exhibiting prominent surface patterning (Figure a-c). The 

crystal dimensions ranged from 2 to 5 µm, and at low magnification, the 72 h sample surface 

displayed a significant distribution of these crystals (Figure 2.1 d). EDS analysis conducted on 

the crystals from the 72-hour treated sample indicated an enrichment of Ti, Zr, and Si (Figure 

2.1 e). 

The FESEM image of the sample treated at RT for 2 months (Figure 2.1 f) demonstrated the 

presence of nanostructures with crystals on the surface. AES analysis revealed an enrichment 

of Si and O on the surface, whereas Cu was significantly depleted from the surface and 

remained low in the subsequent sputter depth. Further, Ti and O showed an evident increase 

with sputtering into the depth of the sample, while Si decreased in the bulk. This suggests the 

formation of a mixed oxide of Ti, Si, and Zr. Subsequent sputter layers, especially after 100 

sec, highlight the presence of titanium oxides. Consequently, it can be inferred that the crystals 

on the surface of treated samples are likely titanium silicide. 

 

These findings underscore the challenges associated with employing a silicon-based 

composition for chemical dealloying treatment, leading to the discontinuation of 

Ti42Cu40Zr8.5Fe2.5Sn2Si2Ag3 MA1 ribbons in this research work.  
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Figure 2.1. Ti42Cu40Zr8.5Fe2.5Sn2Si2Ag3 MA1 partially amorphous ribbon samples treated using 

14.7 M nitric acid at 70 °C for (a) 24 h, (b) 48 h, (c) 72 h (d) 72 h at low magnification showing 
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distribution of crystals on the sample surface, (e) EDS of crystal particles on 72 h rich in Ti/Zr 

and Si, (f) SEM and (g) AES of samples treated at RT for 2 months. 

3.2 Investigation and characterization of Ti40Cu40Zr11Fe3Sn3Ag3 

MA2 ribbon treated with various electrolytes 

Treatment using ferric chloride, acid piranha, ammonium per sulphate, artificial sea water, 

hydrofluoric acid, sulphuric acid, nitric acid solutions were employed on 

Ti40Cu40Zr11Fe3Sn3Ag3 MA2 amorphous ribbons and the results are described in this section.  

In order to create a morphology on the surface of the samples, various selective dissolution 

strategies were used. In the following the details of the obtained results are reported, with the 

description of the selective dissolution parameters and respective morphologies. The airside of 

the ribbon was analyzed throughout in this study due to its smooth morphology. The surface 

morphology and chemical composition of etched samples were analyzed using SEM and EDS 

techniques. The results are reported in Figure 3.1 and Table 3.1 respectively. Due to the 

limitation of EDS with quantification of light elements like C and O [185], the analysis was 

limited to the quantification of heavy elements detected on the sample surface after the 

selective dissolution process. While a qualitative analysis using EDS spectra was considered 

for light elements detected on the sample surface.  

In Figure 3.1 (a) the SEM and EDS spectrum of the sample treated with 0.1 M FeCl3 solution 

at 70 °C for 30 min is reported. The surface is composed of an oxide layer, confirmed by the 

presence of a high intensity oxygen peak observed in EDS spectrum. This result can be due to 

dissociation of ferric chloride in water to Fe2+ and Cl- ions, which can later form CuCl2 salt. 

EDS analysis in Table 3.1 showed presence of deposited corrosion products rich in Cl on the 

surface. Fe3+ can reduce to Fe2+ as shown in reaction (eq 3.2) [186] which when reacts with Ti 

can cause oxidation of Ti forming titanium oxide rich surface [187]. It is possible that metallic 

Ti is inert to ferric chloride while its passivation can hinder the selective dissolution of Cu from 

the sample surface. 

2FeCl3 + Cu → 2FeCl2 + CuCl2  (3.2) 

Figure 3.1 (b) shows SEM and EDS of samples treated using 0.1 M ammonium persulfate 

(NH4)2S2O8) at RT for 3 days. The surface has a morphology that can be associated with a 

general corrosion. As shown in reaction (eq 3.3-3.4), Cu reacts with ammonium persulphate to 

form copper sulphate, further the persulfate in the solution forms sulfate ions and oxidizes 

metallic copper to cupric ion [188]. The presence of sulphate ions can be detrimental to Ti, as 

it reacts with Ti leading to corrosion. The surface showed the presence of a pitting corrosion 

process, which lead to a depletion in Cu in the corroded areas (Table 3.1).  

Cu + (NH4)2S2O8 → CuSO4 + (NH4)2SO4   (3.3) 

S2O8 
2- + Cu → 2SO4 

2- + Cu2+ (3.4) 
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Figure 3.1 (c) shows SEM and EDS of samples treated using artificial sea water at 70 °C for 

10 days. The surface of the treated samples shows presence of chloride salts and an oxide layer. 

Looking at the galvanic series of elements in see water, Ti is stable in sea water while Cu is 

prone to corrosion. Therefore, a release of Cu ions can be expected during immersion in this 

electrolyte [189]. However, the SEM results of the treated surface showed presence of 

corrosion products which were rich in Cu and O, confirmed using EDS in Table 3.1. 

Figure 3.1 (d) shows SEM and EDS of sample treated using a mixture of nitric acid and 

hydrofluoric acid in deionized water (2HNO3:3.5H2O:0.5HF vol ratio) at RT for 6 h. This 

electrolyte was used to prevent passivation of Ti using hydrofluoric acid [190] and 

simultaneously promote selective dissolution of Cu with nitric acid [170]. Fluorides show 

complexing action with Ti and Ti oxides forming soluble compound shown in reaction (eq 3.5-

3.6) [191]. On the other side Cu undergoes dissolution with nitric acid. The results obtained 

after EDS analysis did not show significant reduction of Cu which could be due to insufficient 

control of the reaction kinetics therefore resulting in occurrence of general corrosion. The SEM 

images of the sample showed presence of white spots which were enriched in oxygen and 

slightly increased concentration of silver was detected with EDS in Table 3.1.  

TiO2 + 4HF → TiF4 + 2H2O        (3.5) 

Ti + 6HF → [TiF6]
2- + 6H+ + 4e- (3.6) 

Another attempt was made using mixture of sulphuric acid and nitric acid 

(6HNO3:1H2SO4:3H2O vol ratio) at 70 °C for 72 h. In Figure 3.1 (e) SEM and EDS results are 

reported. Sulphuric acid dissolves Ti oxide layer at elevated temperature, thus allowing nitric 

acid to attack Cu. The reaction kinetics was fast and led to general corrosion. Rounded spots 

were observed on the sample, EDS analysis in Table 3.1 confirmed the spots were enriched in 

Cu. In addition, reduction in the sample dimension was observed after the selective dissolution 

treatment.  

Figure 3.1 (f) shows SEM and EDS of sample surface treated using piranha solution 

(H2SO4:H2O2 vol ratio) at RT for 75 min. The surface shows homogeneously distributed 

porosities due to simultaneous dissolution of Ti and Cu indicating general corrosion. Cu reacts 

with the mixture of hydrogen peroxide and sulphuric acid to form copper sulfate salts which 

can further react with Ti as shown in reaction (eq 3.7-3.8) [192–194]. The EDS measurement 

in Table 3.1 showed depletion of Cu from the surface, whereas the white spots showed 

enrichment in oxygen. The presence of pits on surface of the sample indicates possible 

corrosion attack of SO4
2- ions. The formation of pit indicates dissolution of Cu from the alloy.  

Cu + H2O2 + H2SO4 → CuSO4 + 2H2O (3.7) 

3CuSO4 + 2Ti → Ti2(SO4)3 + 3Cu (3.8) 
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Figure 3.1. SEM micrographs and EDS elemental analysis of chemically etched 

Ti40Cu40Zr11Fe3Sn3Ag3 MA2 amorphous ribbon samples in (a) 0.1 M FeCl3 at 70 °C for 30 

min, (b) 0.1 M (NH4)2S2O8 at RT for 3 days, (c) artificial sea water, 70 °C, 10 days, (d) 

2HNO3:0.5HF:3H2O vol ratio at 70 °C for 6 h, (e) 6HNO3:1H2SO4:3H2O vol ratio, 70 °C, 72 

h, (f) H2SO4:H2O2 at RT for 75 min. 

 

 

 

 

 

 

   

   

   

   

   

   

   

   

   

   

   

       



Kirti Tiwari, UNITO 

 

60 

 

Table 3.1. EDS analysis of treated surfaces of Ti40Cu40Zr11Fe3Sn3Ag3 MA2 amorphous ribbon 

with quantification and error of 1 %. 

S. 

No. 
Parameter Ti Cu Zr Fe Ag Sn O Na Cl Site 

1. 
0.1 M FeCl3, 70 °C, 30 

min 

50 30 11 0 0 3 Y  7 
White 

artifacts 

40 39 11 3 3 3    Surface 

2. 
0.1 M (NH4)2S2O8, RT, 

3 days 

41 38 11 3 3 3 Y   
Corroded 

pits 

41 39 11 3 3 3 Y   Surface 

3. 
Artificial Sea Water, 70 

°C, 10 days 
32 51 6 2 4 5 Y Y Y 

Corrosion 

products 

4. 
2HNO3:3.5H2O:0.5HF 

vol, RT, 6 h 

41 38 9 3 6 2 Y   
White 

artifacts 

40 40 10 3 3 3    Surface 

5. 
6HNO3:1H2SO4:3H2O 

vol, 70 °C, 72 h 

36 46 10 3 3 2    
Rounded 

spots 

39 36 13 4 4 3    Surface 

6. 
H2SO4:H2O2 (1:1), RT, 

75 min 
41 38 11 3 3 3    Surface 

(Note: Y = Yes) 

 

The aforementioned treatment proved ineffective in achieving pseudo-dealloying. 

Consequently, the ribbons underwent nitric acid treatment to explore the impact of temperature, 

solution concentration, and treatment duration on morphological evolution.  

The study involved immersing the samples in a 14.6 M HNO3 solution at 70 °C for 24, 48, and 

72 h, as well as at room temperature (RT) for an extended period of 2 months. FESEM images 

of these treated ribbons are presented in Figure 3.2 (a-d). 

This approach was aimed to enhance the efficacy of the treatment by varying key parameters 

and conditions to understand the effectiveness of nitric acid treatment compared to the 

previously attempted method. 
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Figure 3.2. FESEM images of pseudo-dealloyed ribbon samples in 14.6 M HNO3 for (a) 24 h, 

(b) 48 h, (c) 72 h at 70 °C and (d) FESEM and FIB cut (inset) of sample treated for 2 months 

at RT. 

 

Under the conditions of elevated temperature (70 °C), surface morphology was examined 

through FESEM. The progression of immersion time correlated with the formation of distinct 

hilly and globular structures. Upon a 24 h treatment (Figure 3.2 a), small hills became apparent, 

and these features became more pronounced as the immersion time increased to 48 h (Figure 

3.2 b). After 72 h (Figure 3.2 c), the surfaces displayed homogeneous and dense hilly structures, 

with an average diameter of 18 ± 3 nm and a separation distance of 27 ± 7 nm.  

Additionally, the 72 h treated ribbons exhibited more pronounced island-like structures 

compared to the 24 h and 48 h treated ribbons. Conversely, the ribbon immersed at RT for an 

extended period of 2 months exhibited different surface morphology when compared to ribbons 

treated at elevated temperatures (Figure 3.2 d). This morphology was characterized by the 

presence of porosities with interconnected ligaments, which became evident upon high-

magnification observation. Specifically, the 2 month immersed ribbon revealed ligaments with 

an average thickness of 8 ± 2 nm and pores measuring 22 ± 6 nm in diameter. 

The observation suggests a temperature-dependent influence on the removal of Cu atoms from 

the surface. It was observed in literature, that surface diffusivity increases with increasing the 

temperature of the solution [195]. Hence it can be inferred that elevated temperature such as 
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70 °C facilitates the rearrangement of surface atoms through diffusion. This atomic 

rearrangement process leads to the formation of clusters that exhibit vertical growth, eventually 

culminating in the development of hilly surface structures. Conversely, when the ribbon is 

immersed in nitric acid at RT the slower rate of surface diffusion results in the creation of fine 

pores and interconnected ligaments.  

The selective dissolution of Cu, as well as minor species such as iron (Fe) and tin (Sn), initiates 

from the ribbons surface. As shown in reaction I (eq 3.9-3.10), both copper and cuprous oxide 

react with nitric acid and oxidizes to Cu2+ generating copper nitrate that can be released in the 

electrolyte. The selective dissolution of Cu atoms from the surface enables the surface diffusion 

of remaining atoms, mainly Ti, at the surface-electrolyte interface, allowing the atoms to 

rearrange and modify the surface morphology. This selective dissolution process allows the 

remaining atoms of Ti and Zr to rearrange via surface diffusion at the surface-electrolyte 

interface. Notably, these exposed Ti and Zr atoms undergo simultaneous reactions with the 

surrounding medium, as shown in reaction II (eq 3.11-3.12) forming hydrated titania [196], 

which further decomposes to form stable titanium dioxide [197,198].  

 

I. Reaction of copper in nitric acid 

Cu2O + 6HNO3
  →  2Cu(NO3)2  + 2NO2 + 3H2O                                          (3.9) 

Cu + 4HNO3  →  Cu(NO3)2  + 2NO2 + 2H2O (3.10) 

II. Reaction of titanium in nitric acid 

Ti + 4HNO3  →  H2TiO3 + 4NO2 + H2O (3.11) 

H2TiO3  ↔  TiO2 + H2O (3.12) 

 

Additionally, formation of brown gas within the sample holder was observed. The presence of 

this brown gas suggests the evolution of NO2 gas (Figure 3.3), which is a noteworthy byproduct 

of the dissolution process [170]. Hereafter the as-quenched ribbon sample is referred to as 

“untreated ribbon” and ribbon treated for 72 h at 70 °C and 2 months at RT will be named as 

“Etched 72 h” and “Etched 2 months” respectively. 
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Figure 3.3. Immersed ribbon sample in 14.6 M HNO3 (i) before and (ii) after treatment, 

indicating evolution of brown gas (NO2) is observed for 72 h at 70 °C.  

 

A concentration dependent investigation of 72 h etched sample was performed by using 7 M 

HNO3 to understand the effect of solution concentration after 72 h of immersion time at 70 °C. 

The FESEM of sample treated with 7 M HNO3 at 70 °C for 72 h shown in Figure 3.4 (a) low 

magnification, (b) high magnification. It is evident that change in the concentration of HNO3 

at 70 °C did not show significant difference in the surface morphology as compared to etched 

72 h sample in 14.6 M HNO3 (Figure 3.2 c).  

 

Figure 3.4. FESEM of sample treated with 7 M HNO3 at 70 °C for 72 h at (a) low magnification, 

(b) high magnification. 

 

Therefore, further surface analysis was performed on the 72 h treated sample and 2 months 

treated sample in 14.6 M HNO3. The chemical composition of the untreated and treated 

samples 72 h at 70 °C and 2 months at RT were analyzed using Auger Electron Spectroscopy 

(AES) to determine the chemical composition on the surface, along with sputter depth profiling 

using Ar ions (6 nm/min for SiO2 reference sample).  

The as-quenched ribbon sample (Figure 3.5 a) shows evidence of a native oxide layer on the 

surface of around ~7 nm thick composed of Ti, Cu and Zr. The 72 h treated sample (Figure 3.5 

b) shows an enrichment in O, Ti and Zr on the surface, while Cu is significantly depleted with 

respect to the as-quenched ribbon, indicating the formation of a mixed oxide layer of Ti and 
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Zr. The content of Cu gradually increases until 125 seconds of sputtering time (i.e., ~12 nm 

thickness), while the oxygen is reduced till 150 s indicating that the layer formed due to pseudo-

dealloying is about 15 nm.  

A similar behavior is observed for the sample treated for 2 months (Figure 3.5 c) in which the 

surface shows an enrichment in O, Ti and Zr while Cu concentration is significantly depleted 

from the surface and gradually increases with the sputtering in depth. The oxygen is reduced 

in content and arrives to <3 at % at around 200 s, i.e., the layer formed by pseudo-dealloying 

is about 20 nm thick.  

Figure 3.5 (d) shows quantified AES analysis of the sample surfaces. The ratio of Ti-Cu on 

untreated ribbon was 14:5 while for both treated samples was 8:1 indicating evident removal 

of Cu from the sample surface after treatment. The FIB cut of 2 months treated sample showed 

the delayed layer of thickness was approx. 20 nm (Figure 3.2 d) confirming the observations 

of AES study. Hereafter the as-quenched ribbon sample is referred to as “untreated sample” 

and samples treated for 72 h at 70 °C and 2 months at RT will be named as “Etched 72h” and 

“Etched 2 months” respectively.  

 

Figure 3.5. Auger electron spectroscopy (AES) measurements (a) depth profiling of untreated 

ribbon, (b) depth profiling of etched 72 h sample, (c) depth profiling of etched 2 months sample, 

(d) Quantified surface analysis of untreated, treated 72 h and 2 months sample for Ti, Cu, Zr, 

O elements (sputter rate 6nm/min). 
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3.3 Characterization and biocompatibility testing of pseudo-

dealloyed Ti40Cu40Zr11Fe3Sn3Ag3 MA2 ribbon  

3.3.1 Wettability study 

The contact angle of untreated ribbon etched 72 h and etched 2 months ribbon was measured 

using 3 µL of deionized water. Figure 3.6 shows that the wettability of the ribbons in water 

increases from hydrophilic for untreated ribbon (contact angle of 75°) towards hydrophobic for 

etched 72 h ribbon (91°) and etched 2 months in between. All contact angle values are in the 

range between 75°-91°, thus they follow Wenzel state of wetting which is the complete wetting 

of the rough surface with the liquid [199].  

 

Figure 3.6. Contact angle measurement on untreated and treated ribbons with deionized water.  

 

3.3.2 Hemocompatibility study  

Hemocompatibility refers to the ability of an implant to interact with the blood cells without 

inducing an adverse reaction like hemolysis, which is the rupture of red blood cells [200,201]. 

The compatibility of the ribbons with blood is studied by evaluating the percentage of 

hemolysis using defibrinated sheep whole blood. Positive reference materials, i.e., quartz 

particles [202] and Mg alloy (WE43B) [203,204], and a negative reference material, i.e., cp-Ti 

[205] were included for comparison. ASTM F0756-17 (2017) considers material with 

percentage hemolysis less than 2 % as hemocompatible [206]. 

Untreated and etched 72 h ribbons showed a very low hemolytic activity, not significantly 

different from the negative control (i.e., only PBS) (Figure 3.7 a). Whereas Mg alloy showed 

8 % and quartz particle 24 % of hemolysis indicating their significantly higher hemolytic 

activity. The ribbon samples before and after chemical pseudo-dealloying showed percentage 
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of hemolysis similar/lower than cp-Ti (i.e., 0.5 % of hemolysis), indicating a safe range of 

hemolysis for these materials.  

Figure 3.7 (b) shows Hb adsorption on the ribbons with PBS as negative control. The ribbons 

did not show evident Hb adsorption, as the absorbance of all the ribbons was comparable to 

the negative control. The results point towards the ability of ribbons to exhibit 

hemocompatibility after the chemical pseudo-dealloying treatment and no significant 

interference due to adsorption of the Hb by the ribbons untreated and etched 72 h.  

This result is in line with previous findings on Ti/Zr-based amorphous alloys compositions 

such as Zr56Al16Co28, Zr53Cu33Al9Ta5, and Ti60Nb15Zr10Si15 (at %), which reported no evidence 

of hemolysis and high hemocompatibility [184,207,208]. Several properties of the alloy may 

affect hemocompatibility, including surface chemical composition, roughness, hydrophilicity/ 

hydrophobicity [183,209]. In this specific case, the hemocompatibility of the etched 72 h was 

not affected by the variation of the ribbon surface after the treatment.  

 

Figure 3.7. (a) Percentage of hemolysis of untreated and etched 72 h ribbon incubated with 

defibrinated sheep blood, and (b) hemoglobin adsorption on the ribbons. Quartz particles and 

Mg alloy are used as positive reference materials, while cp-Ti is used as negative reference 

material. Data are presented with mean ± SEM of three independent experiments and were 

analyzed with one-way ANOVA, followed by Dunnett’s post-hoc test, sample vs control. *P < 

0.05, ***P < 0.001. 

 

3.3.3 Release of reactive oxygen species study 

The production of ROS from the surface of the implanted material can be of great importance 

because material-induced ROS can boost intracellular oxidative stress with intense membrane 

lipid peroxidation that may lead to cell death [210]. However, a limited production of ROS by 

the material can damage bacteria membranes, thus reducing biofilm formation and increasing 
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the biocompatibility of the alloy [211,212]. Therefore, the production of ROS was studied in a 

cell free media by mimicking cellular environment [213].  

Untreated and etched 72 h ribbons were incubated for 10 min in PBS containing hydrogen 

peroxide to probe the release of hydroxyl radical when the ribbon samples were contacted in 

this oxidizing environment, which mimics what can be found in inflamed tissue. To unveil the 

mechanism of radical release, both the supernatant and the ribbon samples were assessed for 

hydroxyl radical generation by using the DMPO spin trap molecule.  

DMPO is used to trap the released hydroxyl radical to form DMPO-OH adduct, which is 

measured using EPR spectroscopy as shown in Figure 3.8 (a). The kinetic of DMPO-OH adduct 

formation was studied over a time of 0, 10, 30, and 60 min after adding DMPO. The test groups 

for instance in case of untreated sample were named as “Untreated: ribbon” and “Untreated: 

supernatant” and a similar terminology was used for etched 72 h sample. The results are shown 

in Figure 3.8 (b). 

 

Figure 3.8. (a) EPR spectra of hydroxyl radicals (DMPO-OH) measured in untreated and etched 

72 h: supernatant and ribbon sample after 60 min of adding DMPO to samples incubated for 

10 min, (b) Hydroxyl radical release after 10 min incubation of untreated and etched 72 h 

samples. The kinetic of DMPO-OH adduct formation was monitored over a time of 0, 10, 30, 

60 min after adding DMPO. Radical release is calculated by double integration of the EPR 

spectra. Data are presented with mean ± SEM of two independent experiments and were 

analyzed with one-way ANOVA followed by Dunnett’s post-hoc test, sample vs control, *P < 

0.05, **P < 0.01. Two-way ANOVA was applied to compare (i) untreated vs etched 72 h, (ii) 

ribbon vs supernatant. P value of untreated vs etched 72 h samples: §P = 0.04; ribbon vs 

supernatant: not significant difference.  

 

The results indicate that the production of hydroxyl radical is significantly higher for the etched 

72 h than the untreated sample, both for the ribbon and the supernatant. Moreover, for both 

untreated and etched 72 h, the production of hydroxyl radicals was higher for the ribbon 

samples than only the supernatant. For the ribbon samples, the kinetic of DMPO-OH formation 
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increased linearly with the incubation time. These results indicate that both the material surface 

and the transition metal ions leached from etched 72 h ribbon during 10 min incubation 

contribute to the production of •OH radical. 

It is worth considering that the generation of free radicals may be attributed to two possible 

mechanisms:  

(i). The presence of copper: species could be trapped at the near surface region of the sample 

due to passivation of Ti/Zr rich sample surface. Similar observation reported for 

Au40Cu28Ag7Pd5Si20 amorphous alloy wherein elements such as Cu, Ag and Pd were trapped 

in the ligaments [48,172]. This hypothesis gains support from the observed release of Cu ions 

from the etched 72 h sample discussed below in section 3.7. Furthermore, it is important to 

recognize that, although the reactivity of ions is greatly influenced by the nature of the matrix 

in which they are found [214] and by the environmental pH, isolated transition metal ions are 

often more chemically reactive than cluster ions. This has been observed for Fe [215] and Cu 

ions [214,216,217]. In this context, the accessible Cu species present on the sample surface 

etched for 72 h could potentially be responsible for the observed increase in ROS.  

(ii). The presence of surface layer rich in titanium oxide: The reactivity of TiO2 in releasing 
•OH radicals under irradiation has been extensively studied and it is well known. In recent 

years, research on the reactivity of TiO2 in "dark" conditions has also grown steadily but, to 

date, only a few studies highlighted the release of •OH radicals in solution by Ti-based materials 

[218]. Recently, Liu and colleagues reported that a TiO2 nanostructured surface similar to an 

urchin can in situ reduce Ti4+ to Ti3+ in the presence of H2O2 to generate hydroxyl radicals in 

the dark [219]. Similarly, Sanchez and colleagues (2013) detected hydroxyl radicals and 

hydroperoxides in a TiO2/H2O2 suspension not exposed to light [220]. Besides the presence of 

Ti(III) ions that can undergo the Fenton reaction [177,178], the •OH release in absence of light, 

may be ascribed to complexation of H2O2 on surface with Ti(IV) leading to generation of 

hydroperoxyl radicals (>Ti III–•OOH), through an inner-sphere electron transfer. The surface 

generated hydroperoxyl radical can further decompose to produce •OH radicals (eq 3.13) [221–

224]. 

Ti4+−OOH ↔ Ti3+−•OOH                                                                                                              (3.13) 

 

3.3.4 Metal ion release study 

Non biocompatible specimens that shows Cu released from the surface of an implanted material 

in a limited concentration can contribute to the antibacterial activity of the surface while in 

high concentration, Cu ions can cause toxicity [225,226]. Examples reported in literature show 

that 46 μg/mL Cu ions release resulted in LD50 value (lethal dose which kills 50 % of the test 

population) for L929 fibroblasts, with nearly complete cell mortality observed at 100 μg/mL 

[227] and a LD50 value of 18.4 mg/L Cu ions was observed for peripheral blood mononuclear 

cells (PBMCs) [228]. Therefore, it is of interest to investigate the ion release of the modified 

alloy in a cell culture media that mimic the environment of an implanted prosthesis allowing 
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to detect the release of ions and to connect their concentration to the biocompatibility of the 

alloy.  

Release of metal ions from the untreated and etched 72 h ribbon after 3 days of incubation in 

the cell culture media was measured using ICP-MS. The Cu ion released from untreated ribbons 

was 0.15 ± 0.09 mg/L, while 72 h ribbon was 0.06 ± 0.01 mg/L. It can be observed that 

untreated ribbon showed relatively high release of Cu ions.  

It is important to note that the data of Cu release from the surface of the untreated ribbons show 

high discrepancy among samples indicating the irregularities on the surface contributing to 

different amount of Cu ion release, while the etched 72 h ribbon show higher consistency in 

the Cu ion release from the surface. If compared to the literature data, it is possible to note that 

the amount of Cu ions released from the surface is far below the concentration reported to be 

lethal for cells. Therefore, it can be inferred that the limited Cu released can be helpful in the 

antibacterial activity while not detrimental for the cell adhesion to the surface.  

 

3.3.5 In vitro cytocompatibility using Saos-2 and HOb 

cells 

Cytocompatibility investigation was performed on untreated and etched 72 h samples using 

Saos-2 and HOb cell lines. During cell culture, cells adhere and spread to the sample surface 

by forming focal contacts. As a general mechanism, in the initial stage they form a passive 

contact with the substrate or extracellular matrix (ECM) which later changes to complete 

spreading due to actin polymerization and distribution.  

In the first step of cytocompatibility analysis, the ribbons (untreated and etched 72 h), cultured 

with Saos-2 cells were stained using calcein (green) for live cells and ethidium bromide (red) 

for dead cells after 3 days of incubation (Figure 3.9 a). Results showed that cell viability of all 

samples was above 98 %. In addition, the number of adhered live cells was higher on untreated 

ribbon with 63146 ± 6479 cells/cm2, followed by etched 72 h sample with 55880 ± 3433 

cells/cm2 and then on glass control with 46466 ± 10070 cells/cm2. These cytotoxicity results 

indicated that, despite the 40 at % Cu content in the nominal composition of the amorphous 

ribbon, no cytotoxic effect was observed for both untreated and etched samples. Copper is 

generally considered a toxic element and several authors have reported its deleterious effects 

on cell viability [229]. However, the potential cytotoxicity of copper is reduced when it is 

alloyed. Several studies have observed that osteoblasts can grow on alloys containing 38 at % 

of Cu without showing any deleterious effect nor cytotoxicity [230]. Moreover, as described 

previously, the Cu released from the surface is limited and, therefore, it can be considered as 

not harmful for cells.  

The morphology of the cells growing on samples showed the cell-material interaction and cell 

spreading. Cell morphology was studied using SEM after 3 days in culture. SEM images 

(Figure 3.9 a) showed that osteoblasts were adhered to the surface analyzed exhibiting a flat 
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appearance indicating good attachment. While in the untreated ribbon the presence of few 

rounded cells was detected, in the etched 72 h samples nearly all the cells were well spread on 

the surface with filopodia extensions in various directions and several nucleoli in the nucleus 

of the cells were observed indicating cell activity. The orientation and cytoskeleton distribution 

of the adhered cells were observed using CLSM (Figure 3.9 a). Phalloidin was used to stain 

cytoskeletal actin fibers in red and nuclei were counterstained in blue. Well defined actin stress 

fibers cross linked in the cytoskeleton of the cells were observed for all samples as a sign of 

good cell adhesion. The adhesion and morphology of cells growing on biomaterials is 

influenced by surface topography and wettability. Regarding the topography of etched 72 h 

samples, the topography showed hilly structures with a diameter of 18 ± 3 nm and distance 

between hills of 27 ± 7 nm. The nano roughness did not have any impact on cell adhesion and 

morphology. In addition, the contact angle of the treated ribbons was 91°. It is generally 

considered that the threshold for hydrophobicity is 90°, so although the value is above the 

threshold to be considered hydrophilic, the results indicated that cells were able to spread on 

treated ribbons [231]. 

Figure 3.9 (b) shows results on cell proliferation on the sample surface after 1, 3 and 7 days of 

incubation. Significant differences were observed between etched 72 h ribbons and untreated 

ribbons at 3 days incubation; however, no differences were found after 7 days in culture. After 

analyzing the proliferation of Saos-2 cells, the ability of cells to differentiate on samples was 

studied. To that end, ALP activity of osteoblast grown on ribbons was quantified after 7 and 

14 days in culture (Figure 3.9 c). After 7 days, the ALP activity was high on all samples without 

significant differences between samples. However, similar values were observed after 14 days 

in culture, indicating that ALP activity reached its maximum at day 7. The quantitative results 

for proliferation and ALP activity indicated that Saos-2 cells were able to grow and 

differentiate on both untreated and etched 72 h samples. 
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Figure 3.9. (a) Representative images of Saos-2 cells grown on untreated ribbon, etched 72 h, 

glass control stained using calcein (live/ green) and ethidium di-bromide (dead/ red), SEM 

images of adhered cells showing the flat morphology, CLSM images of cells showing actin 

distribution (stress fibers/ red) and nuclei (DNA/ blue), (b) Cell proliferation measured using 

Alamar Blue after 1, 3, 7 days of culture, (c) ALP activity measured after 7, 14 days of culture. 

Data are represented with mean ± SEM of three independent experiments and were analyzed 

with one-way ANOVA, followed by Tukey’s test for multiple comparison. *P < 0.05. 

The same experiments previously performed on Saos2 cells were done on HOb cells. In this 

case, the cells were not derived from a tumor but isolated from healthy donors. The 

cytotoxicity, cell morphology, and cell adhesion of HOb cells after 3 days of incubation is 

shown in Figure 3.10 (a). Live and dead cells were evaluated on the samples after 3 days of 
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culture. The samples showed cell viability above 96 %. The number of live cells were similar 

on etched 72 h sample with 15,950 ± 3,859 cells/cm2, glass control with 13,194 ± 2,244 

cells/cm2 and untreated ribbon samples with 10,423 ± 2170 cells/cm2. SEM images show that 

cells were well adhered to the sample surface. The filopodia were distributed in all directions 

indicating good cell spreading on the sample surface. Few dividing cells were observed and 

cells with several nuclei in the nucleus were also detected. CLSM images show well stained 

actin stress fibers in multiple directions throughout the cells indicating good cell adhesion on 

the sample surface. The results for cytotoxicity, morphology and adhesion of HOb were in 

agreement with the previous results observed for Saos-2 cells. The ribbons allowed cell 

adhesion, spreading without any cytotoxic effect. Figure 3.10 (b) shows results of cell 

proliferation on the sample surface after 3 and 7 days of culture. Both samples showed similar 

cell proliferation and no significant differences were observed between them. Regarding ALP 

activity quantification, as a cell differentiation parameter, all samples showed ALP activity 

after 14 days in culture (Figure 3.10 c). No significant differences were observed between 

untreated and etched 72 h samples, although the ALP values of etched 72 h samples were 

slightly higher than untreated ones. ALP activity was not quantified in HOb cells after 7 days 

due to the low values obtained. HOb cells are undifferentiated cells that in order to differentiate 

need to be cultured under confluent conditions or under differentiated medium.  
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Figure 3.10. (a) Representative images of HOb cells grown on untreated ribbon, etched 72 h, 

glass control stained using calcein (live/ green) and ethidium di bromide (dead/ red), SEM 

images of adhered cells showing the flat appearance with long filipodia, CLSM images of cells 

showing the actin distribution (stress fibers, red) and nuclei (DNA, blue), (b) Cell proliferation 

measured using Alamar Blue after 1, 3, 7 days of culture, (c) ALP activity measured after 14 

days of culture. Data are represented with mean ± SEM of three independent experiments and 

were analyzed with unpaired t test or one-way ANOVA, followed by Tukey’s test for multiple 

comparison. ***P < 0.001. 
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Evaluation of cytocompatibility using two cell lines of Saos-2 and HOb helped in 

understanding the cellular response of ribbon samples before and after chemical pseudo-

dealloying treatment. Infinite cell lines like Saos-2 cells are widely used for in vitro studies of 

materials for evaluation of cytocompatibility. Saos-2 cells is a well characterized cell line that 

resembled HOb cells in most of the parameters analyzed, including adhesion and differentiation 

[232]. However, this cell model does not entirely resemble the primary osteoblast cells (HOb 

cells). The physiological phenotype of HOb is closer to the in vivo osteoblasts than the Saos-2 

cells. Thus, a complementary result obtained from both cell lines enhances the knowledge to 

better understand their interaction with the untreated and etched ribbon samples. 

 

3.3.6 Biofilm growth and bacteria adhesion by 

Pseudomonas aeruginosa 

The Biofilm growth study was performed using crystal violet (CV, 1 %) assay to stain the 

biomass of gram negative bacteria Pseudomonas aeruginosa (PAO1) adhered to the surface of 

the samples. As CV binds non-specifically to cells and extracellular polymeric substances, it 

allows a quantification of the biofilm biomass. The samples were incubated for 24 h in bacteria 

media and LB broth at 37°C. Later the samples were washed with PBS 2 times and stained 

using crystal violet. Later the samples were washed with PBS 2 times and elucidated using UV 

vis spectroscopy at 595 nm wavelength.  

Two different shapes of ribbon samples of MA2 alloy composition were used to understand 

the influence of shape and texture of the samples on the biofilm growth. Ribbon samples in 

Figure 3.11 (a-b) were irregular ribbons with 10 x 10 mm, while samples in Figure 11 (c-d) 

were regular ribbons with 4 x 25 mm. The irregular etched 72 h ribbons showed higher growth 

of biofilm stained in violet color on the ribbon samples (Figure 3.11 b). While the regular 

etched 72 h ribbon samples showed fewer violet stains representing lower biofilm growth on 

ribbon samples (Figure 3.11 d). The site-specific attachment of bacteria on the ribbon samples 

shows their preference for attachment and proliferation of biofilm. The results indicate the 

substrate shape greatly influences bacteria attachment and biofilm growth.  
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Figure 3.11. Biofilm growth study of amorphous ribbons using Pseudomonas aeruginosa in 

crystal violet assay, (a) Irregular ribbon samples incubated in bacteria media and LB broth at 

37°C for 24 h, (b) etched 72 h irregular ribbon showing more stained biofilm using crystal 

violet staining, (c) regular ribbon samples incubated in bacteria media and LB broth at 37°C 

for 24 h, (b) dealloyed regular ribbon showing less stained biofilm using crystal violet staining. 

 

The results showed that, when Pseudomonas aeruginosa biofilms are grown in contact with 

the different groups for 24 h, it is possible to observe a difference in the biofilm activity on the 

irregular and regular ribbons, additionally a significant difference between the cp-Cu and cp-

Ti was observed as shown in Figure 3.12 (a). The irregular untreated and etched 72 h ribbon 

samples showed higher biofilm growth compared to cp-Ti and cp-Cu, while in case of regular 

ribbons, the biofilm growth on etched 72 h ribbon was lower than cp-Ti and untreated ribbon.  

The samples were also analyzed qualitatively by AFM to identify bacteria adherence, coverage, 

and bacterial surface behavior in contact with these antimicrobial surfaces. It is possible to 

visualize the samples before incubation (topographical analysis) and after incubation 

(biological analysis) in 3D view. Decrease adherence and planktonic bacteria prevalence were 

significatively seen after 2 h when Pseudomonas aeruginosa comes in contact with cp-Cu. 

While on the untreated samples it is possible to observe an agglomeration of bacteria 

suggesting early-biofilm formation. In case of etched 72 h samples monolayer (in inset with 90 

x 90µm) and agglomerated bacteria were observed. This can be likely due to the surface 

composition of etched 72 h sample which is composed of Ti/Zr rich oxide layer. Allowing 

bacteria to adhere to surface of Ti/Zr oxide passivated layer in the initial time period of 2 h, 

which is also observed for cp-Ti. However, it is worth noting that in case of regular ribbon the 

biofilm growth of etched 72 h ribbon was lower than cp-Ti while untreated ribbon showed 
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similar behavior as cp-Ti additionally there is a huge deviation observed in untreated ribbon 

samples which highlights the inhomogeneity and inconsistency in the performance of untreated 

ribbon.  

 

Figure 3.12. (a) Biofilm formation on cp-Ti, cp-Cu, irregular and regular ribbons: untreated, 

dealloyed 72 h incubated in Pseudomonas aeruginosa for 24 h using 1 % crystal violet assay. 
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Data represented with mean ± SEM of three independent experiments and analyzed using 

ordinary one-way ANOVA, followed by Dunnett’s test for multiple comparisons of group 

corresponding to irregular and regular ribbon samples respectively. *P < 0.05, **P < 0.01, 

***P < 0.001 (vs cp-Cu), (b) 2D topographical and biological pre-incubation and post 

incubation, AFM qualitative analysis with Pseudomonas aeruginosa (PA01) at 10 x 10µm for 

all the samples (inset showing 90 x 90µm for etched 72 h sample). The height data scale was 

uniform for all samples at 400 nm except for cp-Cu with 800 nm. All samples were analyzed 

using the software Gwyddion. 

 

The findings from aforementioned investigations on untreated and etched 72 h ribbons are 

summarized in Table 3.2. It is important to note that treating the material improved the 

properties of the amorphous ribbon, for instance enhancing the ROS activity of the etched 72 

h sample, for possible antimicrobial response as compared to untreated ribbon. The presence 

of Cu ions released can validate the production of ROS from Cu on the surface after treatment 

that eventually can be released during incubation.  

The overall, cell proliferation and cell differentiation response of the etched 72 h sample with 

Saos-2 and HOb cells was improved, respectively. Moreover, the amount of Cu released from 

the surface of untreated and etched 72 h ribbons can be considered limited enough and not 

harmful for the body. The results from biofilm study showed in-adequate performance by 

etched 72 h ribbon because of its inability to prevent bacteria adhesion after 2 h of incubation, 

while after 24 h of incubation the biofilm growth was lower than cp-Ti which could be due to 

release of metal ions over a longer immersion period causing oxidative stress to bacteria cell 

wall which can lead to rupture of cell wall and reduction of biofilm formation. However, it is 

speculation and requires further investigation.  
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Table 3.2. Condensed overview derived from the comprehensive analysis presented in this 

work on untreated and etched 72 h ribbons. 
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Conclusion 

The chemical pseudo-dealloying treatment process using HNO3 as electrolyte resulted in the 

most promising surface in Ti40Cu40Zr11Fe3Sn3Ag3 (MA 2) ribbon samples. Further these treated 

samples were optimized in order (i) to maximize the hemocompatibility and biocompatibility 

of the alloy, (ii) to allow ROS production from the surface that can enable an antibacterial 

activity of the surface and (iii) tailor the surface composition to enable Cu release from the 

surface in a limited amount in order to contribute to the antibacterial activity of the surface 

without having a harmful effect towards cells.  

In detail, the investigation shows dependence on parameters such as temperature and time, on 

evolution of different surface morphologies on Ti40Cu40Zr11Fe3Sn3Ag3 amorphous alloy. 

Elevated temperature results in faster dissolution and formation of globular structures while 

lower temperature and longer immersion time results in formation of np morphology with 

ligaments and pores interconnected. The 72 h etched ribbon sample showed hydrophobic 

wettability and ability to boost release of hydroxyl radical in a cell free system after 10 min of 

incubation with H2O2. Despite the radical capacity, the rate of hemolysis of the ribbons was 

comparable to cp-Ti indicating good hemocompatibility. In addition, the results of in vitro 

studies using Saos-2 and HOb cells showed a good biocompatibility for the 72 h ribbon. The 

72 h etched ribbon was non-cytotoxic for Saos-2 and HOb cells, and the etched 72 h showed 
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higher cell proliferation after 7 days of incubation. Early stage of osteogenic activity was also 

observed by the etched 72 h. Thus, overall, the HNO3 etched Ti40Cu40Zr11Fe3Sn3Ag3 at % 

amorphous alloy showed promising biocompatible properties. The capacity of this material to 

induce ROS in a short time could be used for limiting bacteria adhesion and biofilm formation 

on their surface.  

However, the preliminary investigation of biofilm study using pseudomonas aeruginosa 

revealed that sample size and texture plays a major role in biofilm growth in addition to surface 

morphology and chemistry. In the case of regular etched 72 h sample evident biofilm growth 

was observed on the sample surface after 2 h of incubation which can be due to presence of 

TiO2 surface which is less effective as compared to cp-Cu surface. However, it is worth noting 

that untreated ribbon shows higher inconsistency due to its inhomogeneous surface properties, 

hence further investigation is required to fully understand and appreciate the role of etched 72 

h sample for implant applications.  

Additionally, results from the ROS and biofilm studies cannot be compared because ROS 

studies were performed in a cell free system mimicking an inflammatory condition while in 

biofilm study the condition differs. Hence further extensive evaluation is required to correlate 

the finding of ROS studies and biofilm growth studies by using a combined system such as co-

culture mimicking the in vivo conditions. 
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Chapter IV 

CHEMICAL DEALLOYING USING 

AMMONIA BASED SOLUTION 

 

Specific Aim 

• To selectively etch Cu from the surface of the Ti40Cu40Zr11Fe3Sn3Ag3 (MA2) at % 

amorphous ribbons and produce a patterned passivated surface rich in Ti and Zr oxides 

using chemical dealloying technique employing ammonium hydroxide and hydrogen 

peroxide solution. 

• Investigate the kinetics of selective Cu removal and the influence of electrolyte 

concentration, immersion time, and stirring velocity on the surface morphology 

evolution. Utilize atomic force microscopy (AFM), scanning electron microscopy 

(SEM), and X-ray photoelectron spectroscopy (XPS) to analyze the nanostructured 

topography of the chemically treated samples. 

• Discuss the experimental results to elucidate the mechanism behind dealloying using 

the ammonia-based solution (NH4OH and H2O2) on the Ti-based amorphous alloy. 

• Analyze the biocompatibility of the treated ribbon samples involving 

hemocompatibility test, antimicrobial test: reactive oxygen species, biofilm growth and 

bacteria adhesion using Pseudomonas aeruginosa, cytocompatibility test using 

osteoblast cell lines (Saos-2 and HOb). 
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1. Introduction 

Selective dissolution of Cu from Ti-Cu-Zr based multicomponent amorphous materials has not 

been studied thoroughly for biomedical applications and there have not been so many studies 

yet [52]. Currently, Ti-based alloys face challenges related to active oxidation of valve metals 

thereby hindering the percolation of the electrolyte to the bulk that could enable the dealloying 

of the whole material [167,233,234].  

This chapter discusses a new alkaline electrolyte for chemical pseudo-dealloying to ensure 

efficient removal of excessive Cu from the near surface region of multicomponent 

Ti40Cu40Zr11Fe3Sn3Ag3 at % amorphous alloy using ammonia-based solution that has not been 

completely explored in literature. An electrolyte composed of hydrogen peroxide and 

ammonium hydroxide was considered to ensure presence of oxygen for oxidation of copper 

and ammonia to form complex with copper respectively [235].  

J. Halpern in 1953, demonstrated that pure copper sample in ammonia solution with a constant 

supply of oxygen results in the adsorption of oxygen onto copper surface followed by the 

formation of copper oxide that later forms a complex with ammonia thus, allowing the removal 

of copper from the sample surface [236,237]. Recently, etching using ammonium hydroxide 

and hydrogen peroxide has been performed on pure Ti surfaces for obtaining micro/nano 

structured topography. It was found that the oxidation of the surface was less pronounced due 

to dissolution of the barrier oxide layer on the surface [238,239]. X. Yuan et al. reported that 

pure Ti samples treated with ammonium hydroxide and hydrogen peroxide produced 

topography with 10-30 µm pores and surface roughness between 2-4 µm. The treated surfaces 

were hydrophilic and showed enhanced cytocompatibility with MG63 cells [240].  

While numerous investigations focus on assessing cytocompatibility, there is limited research 

on the antibacterial activity of amorphous alloys [241]. Addressing biofilm-related infections 

is crucial, and current research emphasizes surface modification techniques, including both 

physical and chemical modifications [242]. Tailoring surface properties, including roughness, 

wettability, and chemical composition, can enhance the biocompatibility and antibacterial 

response of implants [243].  

Alternative approaches for bacterial prevention on implant surfaces involve contact killing, 

utilizing antimicrobial elements like Zn, Ga, Cu, Ag [244–250]. Notably, biomaterials based 

on Cu have shown significant advancements, demonstrating both antibacterial and osteogenic 

properties [251]. In a study by F. Heidenau et al. [252], the authors compared the effects of 

metal ions such as Al3+, Co2+, Zn2+, Hg2+, Ag+ and Cu2+ by utilizing metal salts. The results 

showed that Cu2+ performed better compared to all metal ions with respect to antibacterial 

activity and cytocompatibility. The authors further studied the effect of Cu2+ by coating Cu-

TiO2 on Ti6Al4V alloy substrate. The response of Cu2+ on Staphylococcus epidermidis (S. 

epidermidis) and Staphylococcus aureus (S. aureus) and mouse connective tissue fibroblasts 

showed good antibacterial activity with LD50 (Lethal Dose causing the death of 50 % of 

population) at 10.58 mg/L and good in-vitro cytocompatibility compared to uncoated Ti6Al4V 

alloy.  
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Achieving a delicate balance between effective antibacterial properties and minimal 

cytotoxicity remains a significant challenge in the development of biocompatible amorphous 

alloy implants. The need for materials that effectively combat biofilm-associated infections 

without compromising the safety of the host represents a growing demand in the field of 

biomedical implants. This chapter focuses on the possibility of attaining an antibacterial 

response, while ensuring a non-cytotoxic environment for osteoblast cells. Additionally 

maintaining hemocompatibility for understanding the interaction of blood components with 

implant materials for successful in vivo applications.  

In this chapter, the surface of the Ti40Cu40Zr11Fe3Sn3Ag3 (MA2) amorphous alloy was treated 

with ammonium hydroxide and hydrogen peroxide in different conditions to create unique 

surface morphologies with modified chemical composition. The goal is to obtain surfaces with 

tailored composition, roughness, wettability, and surface energy to which hemocompatibility, 

antimicrobial activity and cytocompatibility can be associated. 

Surface characterization utilizing XPS, AFM and FIB was performed at Leibniz-Institute for 

Solid State and Materials Research Dresden (Leibniz IFW Dresden), Dresden, Germany during 

my period abroad. The studies related to cytocompatibility were performed in Departament 

Biologia Cellular, Fisiologia i Immunologia, Universitat Autonoma de Barcelona, Spain during 

my period abroad. Additionally, the antimicrobial testing was performed in collaboration with 

School of Biomolecular and Biomedical Science, University College Dublin, Ireland. 
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2. Experimental Procedure  

2.1. Synthesis of samples using ammonia-based solution 

The ribbon sample with 2 cm2 surface area was cleaned in an ultrasonication bath using acetone 

and then ethanol for 5 min followed by air drying. The ribbon samples were pseudo-dealloyed 

in a Pyrex glass beaker with a mixture of ammonium hydroxide (NH4OH, 25 % Merck), 

hydrogen peroxide (H2O2, 30 % Merck) and deionized water (H2O, Milli-Q, Merck Millipore) 

in different concentrations at room temperature (RT) to study the effect of electrolyte 

concentration on the evolution of porosities. The first solution, composed of equal parts of 

NH4OH and H2O2 in 1:1 volume ratio, is hereafter referred as concentrated ammonia solution 

and the second solution, composed of 5:1:4 volume ratio of NH4OH, H2O2, H2O respectively, 

here after referred as diluted ammonia solution. Further, treatment was performed in non-

stirred and stirred solution, stirring was performed with rotational speed of 1000 rpm. The pH 

of the solution was recorded using a Knick pH meter 761. After the treatment, samples were 

rinsed five times with deionized water and dried at RT.  

 To determine the influence of treatment parameters on the final morphology and composition 

of the samples, different experiments were performed by varying parameters such as electrolyte 

concentration, immersion time, stirring and non-stirred solution. In particular, two different 

concentrations were investigated in the presence of strong oxidizer like H2O2, to ensure the 

presence of sufficient oxygen in the solution [253].  

The first solution named as “diluted solution” is composed of 5:1:4 volume ratio of NH4OH, 

H2O2, H2O and the second solution named as “concentrated solution” is composed of equal 

volume parts of NH4OH and H2O2 (1:1). As for the diluted solution, the experiments were 

performed for different durations of 5, 30, 60, 120, 240 and 360 min, without stirring the 

solution. For comparison, the diluted solution with immersed ribbon sample was stirred for 60 

min. At the same time period of 60 min, a sample was produced using the concentrated solution 

without stirring the solution.  

For clarity, samples will be named in the following using an acronym that identify  

(i) the solution used: CS and DS for concentrated solution and diluted solution, respectively,  

(ii) the time of treatment: 1 min for 1 minute of immersion.  

(iii) the condition of solution: S for solution in stirring (forced convection) and NS for non-

stirring (natural convection), respectively.  

Therefore, sample named DS-5min-NS is treated for 5 minutes in diluted solution without 

stirring. Figure 4.1 shows a schematic diagram of the pseudo-dealloying conditions used and 

samples names with respect to characterization performed on the sample.  
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Figure 4.1. Schematic flow chart of chemical pseudo-dealloying treatment conditions and 

samples produced.   

 

2.2. Characterization of treated samples 

The surface morphology of the treated samples was characterized using Field Emission 

Scanning Electron Microscopy (FESEM - Tescan S 9000 G, and LEO Gemini 1530) and the 

cross section was analyzed by performing an in situ cutting of the sample using a focused ion 

beam (FIB) inside the FESEM (FIB Helios 5 CX, Thermo Scientific). Average ligament and 

pore size were calculated using ImageJ software on 40 different spots for each sample. In this 

study the characterization of both untreated and treated ribbons were performed on the upper 

air side of the ribbon sample. 

The surface composition of the treated sample was analyzed using X-ray Photoelectron 

Spectroscopy (XPS) on the surface and in-depth profile by sputtering using Argon ions (SPECS 

ion gun) with 100 mm hemispherical analyzer. Non-monochromatic Mg-Kα X-ray source was 

used at 400 W and 15 kV. SiO2 on Si wafer sample was used as reference to determine the rate 

of sputtering during depth profiling. The rate of sputtering was 0.4 nm/min. Satellite 

subtraction was performed for all measurements with charge correction performed on carbon 

at 284.8 eV. Pass energy of 15 eV was used for high resolution scans. XPS investigation was 

performed on the surface of sample and in-depth sputter profiling with 5 sputter steps at time 

points of 0, 10, 20, 30, 40 min. The recorded elements were quantified in atomic percentage 

and high-resolution scans were obtained to differentiate between the chemical states of the 

elements. CASA XPS software was used for plotting the graphs of high-resolution scans [254].  

The surface roughness of samples was analyzed using atomic force microscopy (AFM) under 

ambient conditions using a Bruker Dimension Icon AFM in tapping mode with a scan rate of 

0.5 Hz. A TESPA-v2 probe was used with a resonance frequency of 320 kHz. The AFM data 

was analyzed using WSxM5.0 Develop 10.0 and/or Gwyddion 2.56. AFM images were 

acquired at 1 × 1 µm2 on three different spots of the samples for calculation of average root 

mean square (RMS) roughness of the sample surface. 
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The absorption spectra were acquired employing a UV/vis 900 lite spectrophotometer (Uvikon, 

Kontron Instruments) to elucidate the formation of metal complexes in an ammonia-based 

solution. Spectral measurements were conducted in the range of 200-900 nm, utilizing a Quartz 

Cuvette. To establish a baseline for normalization, a blank solution was prepared using a DS 

solution without the inclusion of the ribbon sample. This DS solution comprised a mixture of 

NH4OH (25 %), H2O2 (30 %), and H2O (5:1:4 vol ratio). The normalization process involved 

the utilization of this blank solution, ensuring accurate and reliable comparative analyses of the 

obtained curves.  

Reference samples, specifically polished Cu plates and Ti plates (99.99 % pure), were 

immersed in the DS solution to provide a benchmark for comparison. The test sample consisted 

of an untreated ribbon immersed in the same DS solution. It is noteworthy that upon initial 

preparation, the solution exhibited bubbling attributed to the decomposition of hydrogen 

peroxide into oxygen and water. Consequently, spectral recordings were deferred until 24 hours 

post-preparation to allow for the stabilization of the solution. This precautionary measure 

aimed to capture a representative and reliable absorption spectrum reflective of the stable state 

of the metal complexes formed in the ammonia-based solution.  

 

2.3. Wettability study  

The surface wettability measurement of the treated ribbon sample was performed using Theta 

lite optical tensiometer (Biolin Scientific) in sessile drop. To understand the wettability and 

surface free energy (SFE) of the sample surface, polar and non-polar solvents were used. The 

contact angle was measured after 1 s of placing droplet of 3 µL volume of water (polar) and 

di-iodomethane (non-polar), using oneAttension software. The surface free energy of the 

treated samples was calculated using Young’s equation and Owen, Wendt, Rabel and Fowkes 

(OWRK) method [255,256]. The measurement was recorded with a minimum of 3 droplets on 

3 samples for each group (n=9).  

 

2.4. Hemocompatibility study  

Hemocompatibility of the ribbon samples was assessed in accordance with International 

Organization for Standardization, 2000 (ISO 10993-4) and National Institutes of Health (NIH) 

guidelines with minor modifications [257,258]. Defibrinated sheep blood (Microbiol 

Diagnostic) was used to investigate hemolysis with whole blood or red blood cells (RBCs) 

were purified by washing three times with 0.9 % NaCl (Eurospital). The whole blood and 

purified RBCs were studied separately and prepared. The whole blood and purified RBCs were 

studied and prepared separately in 4:5 volume ratio dilution with phosphate buffer saline (PBS, 

Merck). A positive control was prepared as a calibration by adding 10 mL of ultrapure water 

(Merck-Millipore) to the diluted blood or purified RBCs (0.2 mL). The absorbance of the 
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hemoglobin released was measured at 540 nm by a UV/vis 900 lite spectrophotometer (Uvikon, 

Kontron Instruments) and was adjusted to the range 0.9-1.0 by adding PBS or blood.  

Metallic ribbons of 3 cm2 surface area were used [258]. Commercially available Mg alloy with 

composition Mg93/Y4/Nd3 (WE43B, Goodfellow) [259] and quartz particles (Min-U-Sil 5, 

U.S Silica, 200 cm2/ml, specific surface area of 5 m2/g) [260] were used as positive reference 

material. The metallic samples were cleaned with 70 % ethanol and washed with ultrapure 

water and PBS. The metallic samples were pre-incubated in a glass vial with 10 ml of PBS for 

30 min at 37 °C in a horizontal thermostatic shaker. Then 0.2 mL of diluted blood or purified 

RBCs were added to the samples in glass vials and incubated for 60 min at 37 °C in a horizontal 

thermostatic shaker. The incubated liquid was then centrifuged at 500 g (Centrifuge Rotina 

380R) for 5 min to sediment cells and debris, and 5 mL of the supernatant was then collected 

to measure the absorbance at 540 nm. The percentage of hemolysis of all tested groups was 

analyzed using eq 4.1, where Abs is the absorbance measured. 

% Hemolysis =
Abs(test) −Abs(negative control) 

Abs(positive control) − Abs(negative control) 
× 100                                 (4.1) 

Hemoglobin adsorption (Abs) by the samples was investigated using purified red blood cells 

(RBC). The absorbance of the hemolyzed blood was adjusted to 0.9 - 1 and a final volume of 

10.2 mL of blood in PBS was frozen in the fridge at -20 °C overnight and defrosted to obtain 

lysed RBC. Then the solution was centrifuged at 10,000 g for 10 min. The supernatant solution 

containing Hb was recovered. The samples were incubated in the solution containing Hb for 

60 min at 37 °C. After the incubation, the absorbance of the Hb was measured. The 

measurements were performed in triplicate.  

 

2.5. Metal ion release study 

Samples with 0.4 × 0.6 cm size were submerged in cell culture media DMEM (Dulbecco 

modified eagle medium, Gibco, ThermoFisher scientific) without cells and incubated at a 

temperature of 37 °C for a period of 3 days to investigate the release of ions. Subsequently, 1 

mL aliquots of the media were collected for analysis of the released metal ions using Agilent 

ICP-MS, model 7900. The study was conducted with three replicates and normalized against a 

blank control consisting of cell culture media without any samples. 

 

2.6. Release of reactive oxygen species study 

To assess the generation of hydroxyl radical (•OH), the spin trapping technique coupled with 

electron paramagnetic resonance spectroscopy (EPR) was employed. Cleaned metallic samples 

with 0.4 × 1 cm size were immersed in 1 mL of phosphate buffer (PB, 0.5M, pH 7.4, Sigma-

Aldrich, Milan, Italy) containing 0.04 M DMPO (5,5-dimethyl-1-pyrroline-1-oxide, Cayman 

Chemical Company, Ann Arbor, Michigan) as spin trap molecule, and freshly prepared 0.2 M 
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H2O2 as target molecule. The samples were incubated in the solution at 37 °C, while being 

continuously stirred using a thermostatic shaker in darkness. After 10, 30, and 60 min, 50 μL 

of the supernatant were collected in a capillary, and EPR spectra were recorded utilizing a 

Miniscope MS100 spectrometer (Magnettech, Berlin, Germany) at a microwave power level 

of 10 mW, a modulation of 1 G, scan range of 120 G, and a center field at 3355 G. A blank 

control without samples was prepared. The number of radicals released is proportional to the 

intensity of the EPR signal. To compare the amount of hydroxyl radicals produced by the 

samples, the signals were double integrated using Origin 2023 software and results were 

reported as arbitrary units. The measurements were conducted in duplicate. 

 

2.7. Antibacterial activity 

2.7.1. Measuring biofilm formation 

To investigate biofilm formation, gram-negative Pseudomonas aeruginosa (strain PAO1, P. 

aeruginosa) was utilized. The bacterial inoculum was grown in Lysogeny broth (Sigma-

Aldrich, LB media: 1 % tryptone, 0.5 % yeast extract, 0.5 % NaCl) in deionized H2O. Prior to 

bacterial inoculation, the samples (0.4 × 2 cm) underwent sterilization by immersion in 70 % 

ethanol, and each study was conducted with three biological replicates and two technical 

replicates. 

Overnight cultures of P. aeruginosa were grown in 15 mL of LB media at 37 °C. Bacteria were 

quantified by diluting an aliquot 1:10 in fresh media and the optical density (OD) was measured 

at 600 nm using a spectrophotometer (Spectramax m384). Cultures were then equalized to 0.1 

OD600 cultures (107 CFU/mL) in preparation for inoculation. The samples were then incubated 

without shaking in 1 mL of the equalized bacterial culture for 24 hours at 37 °C in sterile 24-

well, flat-bottomed, tissue culture-treated plates. 

Following the incubation period, the samples were transferred to a new well-plate containing 

phosphate-buffered saline (PBS) solution and rinsed gently three times with PBS to remove 

non-adhered planktonic bacteria. Subsequently, the samples were dried at 37 °C for 30 min. 1 

% crystal violet (CV) solution (1 mL) was added to each well and left at room temperature for 

15 min. After staining, the ribbons were transferred to a new well-plate and rinsed three times 

with PBS and dried at 37 °C for 30 min. 1 mL of elution buffer (80 % ethanol and 20 % acetone) 

was then added to the wells and left at room temperature for 15 min. Afterwards, 1 mL of this 

elution was transferred to an optically clear plastic cuvette, and the OD of the solution was 

measured at 595 nm using elution buffer as blank providing a quantitative measurement of 

biofilm biomass. 
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2.7.2. Measuring bacteria adhesion 

The overnight culture of P. aeruginosa was grown in LB media. Subsequently, 2 mL of the 

culture was centrifuged in an Eppendorf tube at a speed of 3000 RPM for 15 min, leading to 

the formation of a visible pellet. The LB media was carefully discarded, and the pellet was 

resuspended in a 50/50 mixture of PBS and H2O to prevent osmotic stress. Soft pipetting was 

employed for resuspension. The mixture was subjected to another round of centrifugation, and 

the PBS - H2O combination was discarded. The pellet was completely resuspended in 1 mL of 

deionized H2O using soft pipetting. 

The optical density (OD) for each Eppendorf tube was measured at 600 nm using a 

spectrophotometer, with deionized H2O as blank. Another Eppendorf tube was prepared for 

each biological replicate, with the OD equalized to 0.1 in deionized H2O. The required 

adjustments were made to ensure the uniformity of the samples. 

The samples of amorphous ribbon before and after treatment were sterilized with 70 % ethanol 

and allowed to dry in a fume hood. After the drying process, 25 µL of the equalized P. 

aeruginosa (OD: 0.1) culture was added to the top of each sample and spread gently over the 

surface using a pipette. The samples were then left to dry for a period of 2-3 hours in the fume 

hood. Once completely dried, the samples were fixed using a gradient of ethanol washes from 

100-50 % and dried under ambient conditions. Cp-Ti and cp-Cu plates were used as control 

samples.  

Surfaces were imaged before and after inoculation with P. aeruginosa using amplitude 

modulation atomic force microscopy (AFM) (MFP-3D, Asylum Research) operated with Si 

probes (NCH, Nanosensors) having a nominal spring constant of 42 N/m and resonance 

frequency of 330 kHz. Representative images at 90 x 90 µm, 50 x 50 µm and 10 x10 µm are 

shown from images collected in multiple locations. For presentation, images were flattened to 

remove sample tilt, horizontal correction was applied if required. All samples are shown with 

a uniform Z height scale of 400 nm with exception of cp-Cu that has a height of 800 nm due to 

its complicated topography.  

 

2.8. In vitro cytocompatibility study 

The samples, measuring 0.4 × 0.6 cm, were subjected to sterilization using absolute ethanol for 

a duration of 5 min. The experiments were conducted in triplicate, employing a 1.5 cm diameter 

glass coverslip as a control, from now on “glass control”. Two distinct cell lines were used in 

this study. 

The first cell line, Saos-2 (ATCC), was a transformed cell line of human osteosarcoma tumor 

cells. These cells were cultured in Dulbecco modified eagle medium (DMEM, Gibco, 

Thermofisher Scientific) supplemented with 10 % fetal bovine serum (FBS, Gibco, 
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Thermofisher Scientific). Cells were cultured at 37 °C and 5 % CO2. The samples were seeded 

with a density of 50,000 Saos-2 cells per mL in a 24-well plate. 

The second cell line, HOb, was a finite cell line derived from human osteoblasts obtained from 

a human donors. These cells were cultured in DMEM supplemented with 20 % FBS and 

maintained at 37 °C with 5 % CO2. The samples were seeded with 20,000 HOb cells per mL 

in a 24-well plate. 

Cellular cytotoxicity of the samples was assessed on day 3 after seeding using a live/dead kit 

specifically designed for mammalian cells (Invitrogen). The manufacturer's protocol was 

followed for staining live cells (green) with calcein and dead cells (red) with ethidium bromide. 

The stained samples were observed under an inverted fluorescent microscope (Olympus IX71). 

ImageJ software was utilized for image processing, and the percentage of cell viability was 

determined by quantifying live and dead cells from four different areas for each sample and 

replica. 

The morphology of adhered cells on day 3 was analyzed using scanning electron microscopy 

(SEM; Zeiss Merlin, Jena, Germany). The samples were rinsed with PBS, fixed in 4 % 

paraformaldehyde for 20 min at room temperature, and subsequently rinsed with PBS. 

Dehydration of the samples was accomplished using an ethanol gradient (50 %, 70 %, 90 %, 

and 100 %), with each concentration step lasting 10 min. The samples were then dried using 

hexamethyl-di-silazane for 10 min. Prior to imaging, the samples were sputter-coated with 

gold. 

Cell adhesion on the sample surface was evaluated after 3 days in culture. The actin filaments, 

representing the cytoskeleton of the cells, were stained using phalloidin. The cells were fixed 

with 4 % paraformaldehyde for 20 min and washed with PBS, then the samples were immersed 

in 0.1 % triton for 15 min and 1 % Tween 20 (Sigma) for 20 min at room temperature. 

Subsequently, the samples were immersed in 1 % PBS-BSA for 20 min at room temperature. 

A mixture of phalloidin and a nuclei stain consisting of Alexa fluor 594-conjugated phalloidin 

(Invitrogen), and Hoechst 33258 (Sigma) was used for staining the samples, with an incubation 

time of 60 min at room temperature. Finally, the samples were washed with PBS and analyzed 

using a confocal laser scanning microscope (CLSM, Leica SP5). The acquired images were 

processed using Imaris viewer 9.9.1 software (Oxford Instruments). 

The metabolic activity of cells growing on the samples was assessed at days 1, 3, and 7 using 

the Alamar Blue reagent (Thermo Fisher Scientific). On day 1, the samples were transferred to 

new wells to eliminate background interference from the cells growing at the bottom of the 

well plate. Subsequently, the samples were incubated in a mixture of cell media and Alamar 

Blue reagent (dilution of 10:1) for 4 h in the dark at 37 °C with 5 % CO2. A negative control 

of Alamar Blue without any sample was prepared as a standard reference. Following the 

incubation period, the supernatant was collected, and the fluorescence intensity was measured 

at an excitation wavelength of 560 nm and an emission wavelength of 585 nm using a spark 

multimode microplate reader (Tecan, Männedorf, Switzerland). Fresh cell culture medium was 

added after the assay and the experiment was repeated on day 3 and 7.  
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The differentiation of cells was investigated by assessing alkaline phosphatase (ALP) activity 

at 7 and 14 days of incubation. The cells incubated on the samples for the specified durations 

were lysed in CyQuant cell lysis buffer (Thermo Fisher Scientific). Lysis was achieved by 

transferring the samples to eppendorf tubes and subjecting them to 10 min of lysis, followed 

by 10 sec of vortexing. Subsequently, the cell lysates were centrifuged at 12,000 rpm for 4 min 

at 4 °C, and the resulting supernatants were collected. ALP activity was measured by 

employing the hydrolysis of p-nitrophenyl phosphate (pNPP), resulting in the production of p-

nitrophenol (pNP). Specifically, 25 µL of 1-step pNPP (Thermo Fisher Scientific) was mixed 

with 25 µL of the collected supernatant. The absorbance at 405 nm was measured using a 

Nanodrop Spectrophotometer (Thermo Fisher Scientific). 

 

2.9. Statistical analysis 

The data are presented using mean ± standard error of the mean (SEM). In case of normally 

distributed data, ordinary one-way ANOVA followed by Dunnett's or Tukey’s post hoc test 

was used. A 95 % confidence interval was applied, and values with P < 0.05 were considered 

statistically significant, unless otherwise stated. GraphPad Prism 8.0.2 software was used for 

conducting statistical analysis. 
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3. Results and Discussion 

3.1. Surface modification by chemical pseudo-dealloying  

3.1.1. Ammonia based diluted solution 

Investigation was performed using diluted solution composed of 5:1:4 volume ratio of NH4OH, 

H2O2, H2O to understand the different effects of immersion time and immersion in non-stirred 

or stirred solution. The morphology of samples immersed in the electrolyte, without stirring 

the solution, for different times (5, 30, 60, 120, 240 and 360 min) was studied by FESEM and 

the images are reported in Figure 4.2 (a-h).  

The samples show the formation of ligaments and porosities on the surface at an immersion 

time of 5 min (Figure 4.2 a). An evident increase in surface roughness with the evolution of a 

bimodal distribution in the pore dimension is observed on the surface of sample treated for 30 

min (Figure 4.2 b), while a treatment time of 60 min (DS-60min-NS sample) allows the 

formation of a homogeneous distribution of pores of the same size and fine ligaments (Figure 

4.2 c). The thickness of the treated layer for sample DS-60min-NS is roughly 30 nm observed 

using a FIB cut shown in the inset of Figure 4.2 (c). AFM investigation performed to determine 

the roughness of the surface shows an average root mean square (RMS) roughness of 3.6 ± 0.3 

nm (Figure 4.2 d) and the identified morphology is in good agreement with FESEM data. 

Further investigation was performed by stirring the electrolyte at 1000 rpm for 60 min to 

distinguish between the morphology of sample between stirred and non-stirred electrolyte. The 

ribbon treated in stirred solution for 60 min (DS-60min-S) (Figure 4.2 e) showed different 

surface morphology with respect to the non-stirred sample (DS-60min-NS). In particular, DS-

60min-S shows a bimodal distribution of pores and ligaments size arranged in two 

superimposed layers. The inner layer is composed of fine pores, compared to the outer top layer 

that is composed of densely interconnected ligaments distributed on the surface. The average 

thickness of inner layer ligaments is 4.9 ± 1.0 nm, and the average pore diameter is 14.0 ± 4.0 

nm indicating formation of finer and homogenous morphology whereas the outer layer is 

composed of an average ligament thickness of 13.3 ± 3.5 nm and an average pore diameter of 

46.0 ± 6.5 nm.  

Further investigation was performed by increasing the immersion time in DS in non-stirred 

condition. The surface morphology of samples treated for 120, 240 and 360 min (Figure. 4.2 f, 

g, h) do not show notable changes, the ligaments and pores are homogeneously distributed with 

dimensions almost unchanged. It is worth noting that at lower treatment time, such as 5 min 

and 30 min, the pore size is larger while increasing the immersion time to 60 min led to 

formation of smaller pores on DS-60min-NS (Figure 4.2 i). Conversely the ligament size 

became thicker with increasing immersion time to 60 min. At higher treatment time such as, 

120 min and 240 min, finer ligaments are produced with pore size higher than that of the DS-

60min-NS sample. A change in pore size is observed on the sample treated for 360 min, where 

the ligaments were finer while the pore size was larger.  
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Figure 4.2. Surface morphology and topography of pseudo-dealloyed ribbon samples in diluted 

solution composed of 5:1:4 volume ratio of NH4OH, H2O2, H2O, i.e., FESEM images (a-c, e-

 

 (e1) 
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h), and AFM image (d). The surface features at different conditions i.e., (a) DS-5min-NS, (b) 

DS-30min-NS, (c) DS-60min-NS, (inset shows cross section using a FIB cut), (d) DS-60min-

NS, (e) DS-60min-S ((e.1), magnified image), (f) DS-120min-NS, SEM, (g) DS-240min-NS, 

(h) DS-360min-NS, (i) distribution of the average ligament and pore sizes of pseudo-dealloyed 

samples (n=40).   

 

3.1.1.1. XPS analysis of sample treated using diluted solution  

In order to investigate the composition of the modified surface state produced onto the 

Ti40Cu40Zr11Fe3Sn3Ag3 ribbon samples by the chemical pseudo-dealloying process, XPS was 

utilized. A chemical depth profile depth analysis was performed by sputtering with argon from 

0 min to 40 min with an interval time of 10 min. A standard rate of sputtering of 0.4 nm/min 

(SiO2 on Si wafer was used as a reference) was used to estimate the depth of surface 

investigated. An air side of untreated ribbon sample, and pseudo-dealloyed samples in diluted 

solution (DS, 5:1:4 volume ratio of NH4OH, H2O2, H2O) with stirring and non-stirring i.e., DS-

60min-NS, DS-60min-S, DS-360min-NS were selected for XPS investigation being the 

samples characterized by an evident change in morphology during the treatment. Detailed XPS 

sputter depth profile is shown in Figure 4.5. It is necessary to mention that prominent elements 

such as Ti, Zr, Cu and O were considered while the other elements such as Fe, Sn and Ag were 

detected to be below 2 at % and therefore discarded for the sake of clarity.   

From the chemical depth profiles shown in Figure 4.3 (a) for the as-spun and air-aged 

(untreated) alloy state, an overall thickness of the native oxide layer of more than 16 nm can 

be estimated, according to the decaying oxygen profile. Remarkably, without sputtering (0 nm) 

the Cu concentration is high compared to that of Ti and Zr species, but it is strongly reduced 

after the first sputter step corresponding to the 4 nm depth. This implies that the outermost 

passive layer comprises mainly Cu-oxide species, while the inner layer region is richer in Ti- 

and Zr-oxides. This is opposite to the typical passive layer composition of most Zr-Cu-and Ti-

Cu-based glasses and can be attributed to the relatively high Cu content of the alloy (40 at %) 

which can cause Cu surface segregation. 

In Figure 4.3 (b), after treatment in diluted solution for 60 min without stirring (DS-60min-NS 

sample), the oxide layer on the amorphous alloy surface appears to be of similar thickness to 

the untreated surface. The change of the oxygen profile within the first sputter points may be 

attributed to the change in the surface roughness (Figure 4.3 c). Cu still dominates in the 

outermost oxide layer regions, Ti and Zr species the inner oxide layer regions. This is similarly 

observed when stirring the diluted solution during sample exposure for 60 min, DS-60min-S 

in Figure 4.3 (c). After prolonged exposure to this solution without stirring, i.e., up 360 min, 

DS-360min-NS sample, a substantial thickening of the porous (Figure 4.3 d) oxide layer can 

be derived. At all 4 sputter steps the oxygen concentration was high indicating that only the 

outer part of the formed oxide layer region was analyzed. This is related to a depletion of the 

Cu concentration already from the initial non-sputtered surface (0 nm) throughout all sputter 
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steps. This hints to a removal of the Cu species form the formed np surface region which are 

now mainly composed of Ti-and Zr-oxide species. 

 

Figure 4.3. XPS sputter depth profile of Ti40Cu40Zr11Fe3Sn3Ag3 ribbon samples with O, Ti, Cu, 

Zr (a) untreated (air side), and pseudo-dealloyed samples in diluted ammonia solution (b) DS-

60min-NS, (c) DS-60min-S, (d) DS-360min-NS. The reference rate of sputtering is 0.4 

nm/min.  

All the elements in the composition were detected using high resolution XPS spectra but only 

relevant elements such as O 1s, Ti 2p, Cu 2p were selected to be shown in Figure 4.4 (a-l). 

Additionally, the high resolution XPS spectra of Zr 3d is shown in Figure 4.6. Zr has specific 

binding energy for metallic Zr(0) at 178.9 eV and Zirconium oxide (ZrO2) at 182.8 eV. 

Characteristic XPS peaks reveal information on the chemical state of the elements based on 

their binding energy (BE) values. For instance, Ti2p3/2 for the chemical states Ti(0), Ti(II), 

Ti(III), and Ti(IV) have a corresponding peak at 453.3 eV, 455.7 eV, 457.3 eV, and 458.5 eV, 

respectively. Cu metal (Cu(0)) has Cu 2p1/2 at 952.6 eV and Cu 2p3/2 at 932.6 eV. For the oxides 

of Cu, Cu2O and CuO, the Cu 2p3/2 peak is at 932.4 eV (Cu(I)) and 933.6 eV (Cu(II)), 

respectively. Their O1s is comprised of the main peak corresponding to a structural oxygen 
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i.e., O2- chemical state (BE at 530.5 eV) and adsorbed H2O (BE at 533 eV) [261]. This 

information was used to identify the chemical state of the samples [262,263].  

For the untreated sample (Figure 4.4 (a-c)), the spectra of O1s acquired at the surface (0 nm) 

show main peak corresponding to adsorbed water. While the presence of structural oxygen can 

be seen evidently in the spectra obtained from depth profile (0 nm-16 nm). Titanium on the 

surface appears to be in a stable Ti(IV) state likely related to TiO2. At 4 nm depth, Ti(II) can 

be seen in the spectra which is a short lived and unstable state, formed due to decomposition 

of TiOx during the sputtering process [263]. Further increase in sputtering time reveals the 

presence of metallic titanium (Ti(0)). No apparent shifts can be seen with Cu peaks, ruling out 

the presence of Cu(II) species. Instead, Cu is present in either the Cu(I) or Cu(0) state as these 

two species only differ slightly in their binding energies [264], and cannot be distinguished 

unambiguously based on the given resolution. The spectra of Zr shows presence of zirconium 

oxide (ZrO2) at 182.8 eV on the surface (0 nm) while during the depth profiling the spectra 

shifted to metallic Zr(0) at 178.9 eV (Figure 4.5 a). The spectra of Zr 3d presents similar trend 

as Ti 2p. Therefore, the presence of a mixed Ti/Zr oxide layer is observed on the surface, while 

at about 8 nm depth a metallic structure starts to appear in the as quenched ribbons beside the 

oxides that are gradually reducing in quantity.  

Figure 4.4 (d-f) and (g-i) show the XPS spectra of DS-60min-NS and DS-60min-S samples, 

respectively. Here, the dominant O 1s peak corresponds to the structural oxygen while small 

peak of adsorbed water can be seen. The Ti peaks show the presence of TiO2 (i.e., Ti(IV) is 

detected) on the surface, further sputtering from ~8nm showed a gradual peak shift from a 

mainly (Ti(IV)) state towards Ti(II) and later on to Ti(0) at ~16 nm, indicating that the bulk is 

solely in its metallic state. No apparent shifts can be seen with Cu peaks, ruling out the presence 

of Cu(II) species. Most likely Cu is present in either the Cu(I) or Cu(0) state. The spectra of Zr 

3d shows presence of Zr(IV) i.e., ZrO2 on the surface while during the depth profiling at ~16 

nm, the spectra slightly shift to metallic state Zr(0) (Figure 4.5 b, c). For the DS-360min-NS 

sample in Figure 4.4 (j-l), the dominant O 1s peak corresponds to the structural oxygen. The 

chemical state of Ti on the surface is Ti(IV). Unlike in the previous samples, a sputtering of up 

to 16 nm depth did not result in the disappearance of higher oxidation states of Ti. Instead, the 

spectrum shows a broad peak comprised of Ti 2p3/2 peaks of different oxidation states, 

indicative of the presence of not only the Ti(0), but also the oxides at this depth. This points to 

a likely thicker titanium oxide layer indicating a larger pseudo-dealloyed layer. Cu 2p peaks 

do not show apparent shifts indicating presence of Cu(I) or Cu(0) state. The spectra of Zr 3d 

shows presence of Zr(lV) i.e., ZrO2 on the surface but during the depth profiling at about 16 

nm, the spectra show minor peak corresponding to metallic state Zr(0) while dominant peak 

still corresponds to Zr(IV), shown in Figure 4.5 d. 

Summarizing, the results obtained from the XPS depth analysis of treated samples indicate a 

general depletion in concentration of Cu species from the surface of all the samples examined. 

For instance, in DS-360min-NS sample, the concentration of Cu measured on the surface is 

substantially lower than the concentration of Cu species on the DS-60min-NS and DS-60min-

S samples. The treated surfaces are mostly composed of a layer of oxides likely from Ti and 

Zr.  
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Figure 4.4. High resolution XPS spectra of O1s, Ti2p, Cu2p elements of (a-c) untreated, and 

pseudo-dealloyed samples in diluted ammonia solution (d-f) DS-60min-NS, (g-i) DS-60min-

S, (j-l) DS-360min-NS.  
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Figure 4.5. High resolution XPS scan of Zr 3d element on (a) untreated ribbon, (b) DS-60min-

NS, (c) DS-360min-NS, (d) DS-60min-S, (e) H2O2-180min. 

 

3.1.2. Ammonia-based concentrated solution 

Further investigation was performed by changing the concentration of the electrolyte to 

understand the influence of solution concentration on the sample morphology. Concentrated 

solution composed of equal volume parts of NH4OH and H2O2 (1:1) in non-stirred solution 

with immersion time of 60 min was selected to establish a comparison with DS-60min-NS, 

(DS-5:1:4 volume ratio of NH4OH, H2O2, H2O), because the sample showed a homogeneous 

morphology with similar pore and ligament size. The CS-60min-NS sample analyzed by 

FESEM (Figure 4.6 a-b) shows formation of np topography with an average ligament size of 

12.4 ± 3.1 nm. The pore formation on the sample is hierarchically bimodal with smaller pores 

found within larger networks showing depressed (darker) regions within raised features (lighter 

regions). The average size of larger pore networks is 178.6 ± 44.6 nm (Figure 4.6 a). Whereas 

the average pore diameter of small pores is 15.3 ± 4.6 nm (Figure 4.6 b). The RMS roughness 

calculated by AFM is 4.7 ± 0.7 nm (Figure 4.6 c).  
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Figure 4.6. SEM image of CS-60min-NS (a) at low magnification (indicating the big pores), 

(b) at high magnification (indicating the small pores), (c) AFM image.  

 

The results obtained from the samples treated for 60 min with concentrated solution and diluted 

solution in non-stirred condition (CS-60min-NS and DS-60min-NS) shows that a change in 

concentration of the electrolyte promotes a change in the morphology of the samples. The 

presence of a bimodal hierarchical distribution of pores, with larger size (150 nm) in CS-60min-

NS, could be due to the presence of hydrogen peroxide in higher concentration, which is a 

strong oxidizer and can possibly facilitate faster surface diffusion of atoms.  

 

      

   

   

      

     

   



Kirti Tiwari, UNITO 

 

99 

 

3.2. Investigating the role of ammonium hydroxide and 

hydrogen peroxide 

To better understand the role of ammonium hydroxide and hydrogen peroxide on selective 

removal of Cu, separate investigations were conducted by (i) immersing the as-quenched 

ribbon in ammonium hydroxide (NH4OH, 25 %) at room temperature for 60 min and (ii) 

immersing the as-quenched ribbon in hydrogen peroxide (H2O2, 30 %) at room temperature for 

180 min. Figure 4.7 (a) shows FESEM micrographs of sample immersed in ammonium 

hydroxide at room temperature for 60 min. The result indicates that the morphology of the 

sample surface was not altered effectively as compared to DS-60min-NS sample. The surface 

shows the presence of corrosion products (white artefacts) and evolution of irregular porosities, 

indicating the slow rate of etching in the absence of an oxidizer like hydrogen peroxide.  

Figure 4.7 (b) shows an XPS chemical depth profile analysis of the sample immersed in 

hydrogen peroxide for 180 min. It is observed that an oxide layer with more than 16 nm 

thickness is formed on the surface. The main inner oxide region is mainly composed of Ti and 

Zr species in equi-atomic percentage, while the outermost oxide region (0 nm) is enriched in 

Cu species.  

Furthermore, high resolution XPS spectra in Figure 4.7 (c-e) shows the dominant O1s peak 

corresponding to the structural oxygen while small peak of adsorbed water can be seen. The Ti 

peaks show the presence of TiO2 (i.e., Ti(IV) is detected) on the surface, further sputtering 

from 12 nm showed a gradual peak shift from a mainly (Ti(IV)) state to Ti(0) at 16 nm. No 

apparent shifts can be seen with Cu peaks, indicating presence of Cu(I) or Cu(0) state. The 

spectra of Zr3d shows presence of Zr (IV) i.e., ZrO2 on the surface while during the depth 

profiling at 12 nm, the spectra slightly shift to metallic state Zr(0) (Figure 4.5 e). It is possible 

that the presence of hydrogen peroxide resulted in the growth of an oxide layer on the sample 

surface [265]. This phenomenon is observed on Ti rich sample surfaces, during the initial 

contact of hydrogen peroxide with a consequent Ti surfaces partial dissolution of native oxide 

layer. While with longer immersion time, the surface tends to show regrowth of the oxide layer 

which eventually grows denser [266].  
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Figure 4.7. (a) SEM images of sample immersed in NH4OH (25 %) at room temperature for 60 

min, (b) XPS depth profile analysis of sample immersed in H2O2 (30 %) for 180 min at room 

temperature, (c-e) XPS high resolution spectra of O1s, Ti2p, Cu2p elements of sample 

immersed in H2O2 (30 %) for 180 min at room temperature. 

 

The absorption spectra were obtained for a diluted ammonia solution (DS) serving as the blank 

solution, as well as for copper and titanium plates, and an amorphous ribbon sample immersed 

in DS (with a volume ratio of NH4OH, H2O2, and H2O in 5:1:4). In Figure 4.8 (a), distinct color 

changes are observable upon immersion of samples in DS. Specifically, the copper plate 

induces a dark blue color representative of copper tetraamine complex [267], while the titanium 

plate does not alter the solution color. Notably, the amorphous ribbons in DS exhibit a light 

blue color.  

To ensure minimal interference from solution bubbling, attributed to the gradual decomposition 

of hydrogen peroxide into water and oxygen, spectra were recorded after a 24-hour stabilization 

period. Figure 4.8 (b) highlights a prominent absorption peak at a wavelength of 655 nm for 

both the copper plate and ribbon samples immersed in DS. This peak corresponds to the 

formation of a copper tetraamine complex [268]. The observed disparity in absorption intensity 

between the copper plate and ribbon sample solutions can be attributed to variations in copper 

concentration within the respective samples.  
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Figure 4.8. Absorption spectra of diluted ammonia solution (DS) as blank and copper plate, 

titanium plate, amorphous ribbon sample immersed in DS (5:1:4 volume ratio of NH4OH, 

H2O2, H2O). 
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3.3. Pseudo-dealloying mechanism with ammonia-based 

solution  

In this study, we have created a simplified schematic illustration (Figure 4.9) to depict the 

dissolution of Cu and the formation of a porous Ti/Zr oxide-rich layer. It is important to note 

that this model does not consider the atomistic scale for chemical pseudo-dealloying influenced 

by the experimental conditions in this research. 

Additionally, a mechanism is proposed in this work for chemical pseudo-dealloying of 

Ti40Cu40Zr11Fe3Sn3Ag3 using an ammonia-based solution containing hydrogen peroxide, 

ammonium hydroxide and water with pH = 10-12. The hydrogen peroxide at this pH and room 

temperature decomposes over time into oxygen and water and it has been described as a base-

catalyzed reaction [269–271]. Therefore, in the electrolyte the presence of O2 and NH4
+ is 

expected. The O2 in free corrosion condition and in alkaline solution can be further reduced to 

form stable reaction product of OH- [272]. When the untreated ribbon samples are immersed 

in the electrolyte, the mixed oxide layer of Ti, Zr and Cu present on the surface (Figure 4.6 a-

c) is interacting with the solution. At this stage, ammonium ion reacts with copper oxide at the 

sample surface, generating water-soluble copper-ammonia complexes like Cu(NH3)4
2+ and 

Cu(NH3)2
+, facilitating its dissolution [237,273,274]. 

As soon as the oxide layer is removed, in the presence of oxygen and water, metallic copper, 

present underneath, undergoes oxidation resulting in the formation of copper oxides [275]. 

Subsequently, ammonium ions react with copper oxides as described before, resulting in the 

removal of copper atoms from the surface. Copper can also react with aqueous ammonia to 

form Cu(OH)2 which can later dissolve in excess ammonia to form a complex ion.  

The phenomenon for the formation of copper-ammonia complexes has been widely reported, 

where in copper is etched using ammonia during oxidation of copper from dissolved oxygen 

in the solution [276–278]. The specific outcomes of these reactions depend on various 

conditions, including concentration, temperature, pH, and the unique characteristics of the 

copper surface. The intricate interplay between ammonia and copper is influenced by the 

oxidation state of copper and the presence of chemical species in the environment. Pourbaix 

stability diagram of the Cu-NH4OH-H2O system at temperature 293 K has shown that solution 

pH is responsible for obtaining the copper tetra-amine complex in solution at pH ranging from 

7 to 14 for the entire potential range [279]. 

The diluted solution (DS) used for chemical pseudo-dealloying includes a mixture of 

ammonium hydroxide, hydrogen peroxide, and water in 5:1:4 vol ratio, resulting in a basic 

pH=10.82 (without any sample immersed). On the other hand, ammonium hydroxide (25 %) 

has a pH = 11.7. It was observed that after treatment for 1 h the pH shifts to 10.92 pH and after 

6 h the pH shifts to 11.17. A similar change was observed for concentrated solution (CS) 

ammonium hydroxide, hydrogen peroxide (1:1), (Table 4.1). The slight changes in the pH of 

the solution with respect to immersion time can be due to the production of hydroxyl ion in the 

DS and CS [280,281].  
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Table 4.1. pH measurement of etching solution at different time points with (w) and without 

(wo) immersed sample, (t= 0h, 1h, 6h). 

 

It is also important to consider the surface reaction of Ti, Zr, Fe, Sn and Ag in the presence of 

mixture of hydrogen peroxide, water, and ammonium hydroxide. However, for the sake of 

simplicity, minor species such as Fe, Sn and Ag are not considered for the discussion.  

It is likely when Cu begins to selectively remove from the surface, vacancies are created, 

wherein Ti and Zr ad-atoms can move by surface diffusion, creating ligaments. It is possible 

that Ti and Zr undergo immediate passivation in presence of hydrogen peroxide (water and 

O2). Ti can react with H2O2 to form TiO2 with subsequent evolution of H2 gas, further TiO2 

hydrolyze with water to form titanium hydroxide [282]. Hence, an increased amount of 

oxidized Ti (and Zr) can be detected closer to the surface of the treated ribbon samples in the 

XPS spectra. Rapid oxidation of Ti and Zr atoms, which are generated during the chemical 

surface etching process can significantly hinder surface diffusion resulting in a surface limited 

dealloying of few nanometers in depth.  

It is also possible that the subsequent dissolution of Cu from bulk allows formation of ligaments 

and pores of varying dimension influenced by changing immersion time. The atoms of Cu can 

diffuse from the bulk to the surface forming copper ammonia complexes in the solution. 

Although due to active passivation of Ti/Zr, it is possible that Cu atoms are trapped in metallic 

state. This phenomenon is widely observed in Au based alloys where small fraction of less 

noble elements remains in the np structure of Au after dealloying [283,284].  

The findings described in Figure 4.3 (b-c), i.e., after exposure of samples to diluted solution 

for 60 min in non-stirred and stirred convection (DS-60min-NS, DS-60min-S) indicates that 

Cu species can be detected on the outermost region of the oxide layer of the sample, whereas 

 
pH at t=0 

h 

pH at 

t=1h 

pH at 

t=6h 

pH at t=24 

h 

NH4OH (25 %) 11.7 - - - 

Diluted Solution (wo) sample 10.82 10.92 11.17 9.62 

Concentrated Solution (wo) 

sample 
10.44 10.44 11.12 - 

Diluted Solution (w) sample - 11.35 11.76 9.60 

Concentrated Solution (w) 

sample 
- 11.26 11.22 - 

Cu plate in DS    9.88 

Ti plate in DS    10.56 



Kirti Tiwari, UNITO 

 

104 

 

after 360 min immersion, the presence of Cu species is drastically reduced from the surface as 

compared to the untreated ribbon. It is likely that after 60 min of immersion excessive Cu 

species can precipitate on the sample surface while after longer immersion time such as 360 

min the precipitate of Cu species reacts with ammonium ions forming copper-ammonia 

complex in the solution.  

The change in the surface morphology in the diluted solution (5:1:4 vol ratio of NH4OH, H2O2, 

H2O) and concentrated solution (1:1 vol ratio of NH4OH, H2O2)) can be correlated to elevated 

concentration of hydrogen peroxide (H2O2) which can enhance the surface reactivity, in turn, 

accelerating the formation of np oxide structures. Numerous scientific studies have 

documented notable changes in the surface morphology of Ti following exposure to hydrogen 

peroxide solutions with varying concentrations, although these findings are not directly related 

to atomic diffusion [285–287]. 

While our research has explored the complexities of copper dissolution in ammonia-based 

solution, the specific details regarding the process involving formation of a nano-porous Ti/Zr 

oxide layer and the simultaneous dissolution of copper from the sample surface remains unclear 

with ammonia-based dealloying. The current study highlights the need for further research to 

unravel the reaction kinetics and pseudo-dealloying process. This step is crucial in advancing 

our understanding of the chemical behavior of the solution and sets the stage for future 

investigations into the mechanisms behind surface diffusion, oxide layer formation, and copper 

dissolution.  

Modified surfaces with enriched titanium oxide layer have shown enhanced biocompatibility 

and corrosion resistance, thereby making it suitable for implant application [288–290]. 

Therefore, the pseudo-dealloyed samples can be interesting for further evaluation of 

biocompatibility. 

 

Figure 4.9. Schematic illustration of pseudo-dealloying of copper from Ti-Cu based amorphous 

alloy (in cross section) while immersion in ammonia-based solution.  
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3.4. Wettability study 

Wetting phenomena explains interaction of biomaterials with physiological environment when 

implanted in the body. This can also influence the adhesion and proliferation of cells, 

interaction/coagulation of blood, protein activation/adsorption and adhesion of bacteria 

[199,291–293]. Surface free energy is another parameter that can influence the wettability and 

adhesion strength of materials [294]. Therefore, contact angle and surface free energy of 

pseudo-dealloyed sample surfaces were analyzed. The wettability is measured by performing 

contact angle (CA) tests, which can be categorized as hydrophilic (CA < 90ᵒ), hydrophobic 

(CA > 90ᵒ), superhydrophilic (CA < 10ᵒ), and superhydrophobic (CA > 150ᵒ) [295]. Young’s 

model is used for describing wetting on ideally smooth surfaces, while for describing wetting 

on rough surfaces, the Wenzel and Cassie-Baxter model is used [296]. Figure 4.10 shows the 

contact angle of the untreated and pseudo-dealloyed samples using a polar solvent i.e., water. 

In the polar solvent, the contact angle of all the samples showed hydrophilic wetting behavior, 

which follows the Wenzel model of wetting. The change in the wettability of the samples is 

mainly affected by the changes in the morphology and roughness of the samples as observed 

with SEM. The samples treated for 60 mins in concentrated solution (1:1 vol ratio of NH4OH, 

H2O2) showed contact angle higher than samples treated with diluted solution (5:1:4 vol ratio 

of NH4OH, H2O2, H2O) for 60 min in non-stirring and stirring condition which can be due to 

the difference in the surface morphology, that CS-60min-NS sample had bimodal porosity 

resulting in higher surface area.  

The contact angle in water and diiodomethane is used to calculate the surface free energy 

(Table 4.2) using Owen-Wendt equation [297]. The trend in surface free energy (highest to 

lowest) for the sample is: DS-120min-NS (59.3 mN/m) > DS-240min-NS (55.8 mN/m) > DS-

360min-NS (53.2 mN/m) > DS-60min-NS (50.2 mN/m), DS-60min-S (50.2 mN/m), DS-

30min-NS (50.3 mN/m) > CS-60min-NS (46.9 mN/m) > DS-5min-NS (41.0 mN/m)> 

Untreated sample (40.9 mN/m). Surface free energy, being correlated to contact angle, is 

influenced by the change in morphology so that with increasing the treatment time the surface 

free energy is higher, while lowering the treatment time results in lower surface free energy.  
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Table 4.2. Contact angle and surface free energy measurement of untreated and pseudo-

dealloyed samples (n=9).                                             

Sample 
Contact angle (°) 

(deionized water) 

Contact angle (°) 

(Di-iodomethane) 

Surface free energy 

(mN/m) 

Untreated 75.1 ± 3.6 50.2 ± 5.4 40.9 

DS-5min-NS 75.5 ± 4.0 49.5 ± 2.9 41.0 

DS-30min-NS 63.0 ± 4.2 40.5 ± 3.0 50.3 

DS-60min-NS 64.1 ± 4.8 39.2 ± 4.5 50.2 

DS-60min-S 65.6 ± 6.9 36.9 ± 2.6 50.2 

DS-120min-NS 48.3 ± 5.2 37.9 ± 3.0 59.3 

DS-240min-NS 55.4 ± 5.8 36.4 ± 4.1 55.8 

DS-360min-NS 56.1 ± 7.4 43.8 ± 1.9 53.2 

CS-60min-NS 68.8 ± 6.3 42.1 ± 2.3 46.9 

 

Figure 4.10. Wettability measurement using polar (i.e., deionized water) solvent on untreated 

and pseudo-dealloyed samples.  
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3.5. Hemocompatibility study  

The hemocompatibility of the samples was evaluated using Mg alloy and quartz particles as 

positive reference material. The untreated and two pseudo-dealloyed samples for 60 min in 

non-stirred conditions DS-60min-NS (NH4OH, H2O2, and H2O in 5:1:4 vol ratio) and CS-

60min-NS (NH4OH, H2O2, in 1:1 vol ratio) were selected for hemocompatibility analysis. The 

DS-60min-NS sample was selected due to its homogeneous morphology and chemical 

composition which showed dominance of Cu species on the outermost oxide layer region, Ti 

and Zr species in the inner oxide layer. While CS-60min-NS sample is selected due to its 

bimodal morphology.  

The hemolytic activity was assessed using defibrinated sheep whole blood and purified RBCs 

and is reported in Figure 4.11 (a) and (b) respectively. The hemolytic activity was calculated 

by measuring the absorbance of released hemoglobin during the rupture of RBCs when in 

contact with the ribbons. After 60 min of incubation, all the ribbon samples showed no evidence 

of hemolysis both in contact with whole blood (also containing the plasmatic fraction, white 

cells, and platelets) and with purified RBCs (containing only the cellular fraction). The 

inactivity of samples in blood could be due to the passivation of the surface after treatment, 

which enhances its resistance to release of toxic ions that may perturb the RBC membrane. It 

is important to carefully study the interaction of implants with blood to mitigate destruction or 

activation of blood components [298]. The hemolysis percentage of the ribbon samples was 

below 1.5 %, which is non hemolytic according to ASTM F756‑17 standard. The study of 

hemoglobin adsorption on unetched and etched samples showed no significant adsorption of 

hemoglobin by the samples (Figure 4.11 c).  

Notably, the samples did not induce RBC rupture even when the plasma was removed. It is 

known that plasma can boost up the hemocompatibility of materials because of the proteins 

and other biomolecules that may coat the material surface preventing interaction with RBC’s 

[299]. As quenched ribbons were also inactive towards RBCs, and ribbon samples could be 

compatible with biological membranes in general. Therefore, they can be suitable for blood 

contacting device application such as stents [300,301]. 
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Figure 4.11. Hemocompatibility of ribbon before and after pseudo-dealloying treatment. 

Ribbons were incubated for 60 minutes with (a) defibrinated whole blood of sheep, (b) purified 
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RBCs, (c) Hemoglobin adsorption by the samples. Mg alloy and quartz particles were used as 

positive reference, cp-Ti was used as negative reference in each set of data, respectively. Values 

reflect the fraction of the total hemoglobin content released and are reported as mean ± SEM 

of three independent experiments. Data were analyzed with one-way ANOVA, followed by 

Dunnett’s post-hoc test. *P < 0.05, **P < 0.01, ***P < 0.001 vs. control (i.e., only PBS). 

 

3.6. Metal ion release and release of reactive oxygen species 

study 

Metal ion release: Assessed using ICP-MS to explore potential leaching from the sample 

surface in order to determine the possible cytotoxic effect arising for the samples. The samples 

were immersed in DMEM cell culture media for 3 days at 37 °C, and the measured ions released 

in the cell culture media are depicted in Figure 4.12 (a). A notable difference is evident, with 

DS-60min-NS exhibiting the highest release of Cu ions, followed by CS-60min-NS and the 

untreated ribbon sample, which displays limited release. The release of Cu in the DMEM media 

may be attributed to the presence of Cu in the outer region of the np layer of DS-60min-NS 

(NH4OH, H2O2, and H2O in 5:1:4 vol ratio) and CS-60min-NS (NH4OH, H2O2, in 1:1 vol ratio) 

samples. The release of Cu ions in the DMEM media can be ascribed to the existence of Cu 

species predominantly present in the outer region of the np layer on the treated samples. The 

XPS sputter depth profile data supports this observation, revealing that Cu species remains 

detectable in the outermost oxide layer regions subsequently impacting the release of Cu ions 

into the surrounding media. 

Reactive oxygen species: Hydroxyl radical release was quantified in a cell-free system 

simulating the inflammatory environment within the human body to determine possible 

antimicrobial activity of the sample. DS-60min-NS exhibited greater reactivity in hydroxyl 

radical release after 10 minutes of incubation compared to the other samples (Figure 4.12 b). 

Reactivity further increased at 30 and 60 minutes of incubation. Similarly, the CS-60min-NS 

sample demonstrated the ability to release hydroxyl radicals, significantly surpassing the 

untreated ribbon sample. The observed trend in hydroxyl radical generation by the samples 

corresponded to the release of Cu ions from the sample surface, suggesting the involvement of 

Cu ions in the mechanism of hydroxyl radical generation. Notably, Cu is recognized for 

generating reactive hydroxyl species in a Fenton-type reaction, as depicted in the reaction 4.1 

[302,303]. The process of Cu killing bacteria involves several key steps. Firstly, Cu damages 

both the outer and inner membranes of bacterial cells. This membrane damage is considered a 

crucial initial event in contact killing [304,305], which leads to protein oxidation and 

degradation of DNA [306]. Secondly, the toxicity of Cu ions is associated with their ability to 

catalyze Fenton chemistry, leading to the generation of reactive oxygen species (ROS). ROS 

can cause irreversible damage to cellular components and disrupt the normal functioning of the 

bacterial cells. This oxidative damage can inhibit the respiratory chain, divert electrons, and 

further enhance ROS production, resulting in a cascade of detrimental effects on the bacteria 

[307,308]. It is observed in the XPS sputter depth profiling, the concentration of Cu species is 
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evident on the surface and drastically diminishes, with Ti and Zr species becoming dominant 

in the inner oxide layer regions. This transition in composition could influence the release of 

Cu species which produce ROS and presence of Ti oxide species can additionally contribute to 

the generation of hydroxyl radical species. The emission of •OH in the absence of light may be 

attributed to the binding of H2O2 on the Ti(IV) surface, resulting in the formation of 

hydroperoxyl radicals (>Ti III–•OOH) through an inner-sphere electron transfer mechanism. 

The hydroperoxyl radicals generated on the surface can undergo additional decomposition to 

generate •OH radicals (discussed in detail in chapter 3 section 3.4). 

Cu+ + H2O2 → Cu2+ + OH- + •OH                                                                                       (4.1) 

Ti4+−OOH ↔ Ti3+−•OOH                                                                                                 (4.2) 

 

Figure 4.12. (a) ICP-MS measurement of Cu ions release in cell culture media without cells 

after 3 days of incubation, (b) DMPO-OH adduct concentration measured by double integration 

of EPR spectra of samples after 10, 30, 60 min of incubation. Data represented with mean ± 

SEM of three independent experiments and analyzed using ordinary one-way ANOVA, 

followed by Dunnett’s post-hoc test. *P < 0.05, **P < 0.01 (treated vs untreated ribbons) 

 

3.7. Biofilm formation and bacterial adhesion study with 

Pseudomonas aeruginosa (PAO1) 

To measure biofilm formation, Crystal violet (1 %) was used to stain the biomass adhered to 

the surface of the samples. As CV binds non-specifically to cells and extracellular polymeric 

substances, it allows us to conduct a quantification of the biofilm biomass. The results showed 

that, when P. aeruginosa biofilms are grown in contact with the different groups for 24 h, it is 

possible to observe a significant difference between the untreated ribbons, DS-60min-NS 

(NH4OH, H2O2, and H2O in 5:1:4 vol ratio) and CS-60min-NS (NH4OH, H2O2, in 1:1 vol ratio) 

samples in comparison to cp-Ti, which suggests that the ribbons possess an antimicrobial effect 
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as shown on Figure 4.13. The sample DS-60min-NS proved to be as effective as cp-Cu, 

followed by CS-60min-NS and the untreated ribbon.  

 

Figure 4.13. Biofilm formation study by P. aeruginosa analyzed using 1 % crystal violet assay 

after 24 h incubation. Data represented with mean ± SEM of three independent experiments 

and analyzed using ordinary one-way ANOVA, followed by Dunnett’s post hoc test. **P < 

0.01, ***P < 0.001 (vs cp-Ti). 

 

The samples were also analyzed qualitatively by AFM to identify bacterial adherence, 

coverage, and bacterial surface behavior in contact with these antimicrobial surfaces. On Figure 

4.14, it is possible to visualize the samples before incubation (topographical analysis) and after 

incubation (biological analysis) in 3D and 2D top view.  

The average roughness (Ra) and root mean square roughness (Rq) was calculated for each 

sample and presented below each image for comparison between analyses. Decrease adherent 

and planktonic bacteria prevalence were significatively seen after 2 hours when P. aeruginosa 

came into contact with cp-Cu and DS-60min-NS as confirmed by the decrease of roughness in 

the surface. While on the untreated and CS-60min-NS samples, it was possible to appreciate 

an agglomeration of bacteria suggesting early-biofilm formation. On CS-60min-NS, it was 

possible to differentiate each cell from the cluster alongside an increase of the roughness 

confirming bacterial presence. Simultaneously on the untreated ribbon there is a slight increase 

in roughness, alongside agglomerated bacteria that are not easily visualized individually after 

2 hours.  
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Figure 4.14. 3D and 2D topographical and biological AFM qualitative analysis before and after 

incubation with Pseudomonas aeruginosa (PAO1) at 10 x10µm for 2 hours. The height data 

scale was uniform for all samples at 400 nm except for cp-Cu with 800 nm. All samples were 

analyzed using the software Gwyddion.  

 

3.8. In vitro cytocompatibility assessment with Saos-2 and 

HOb cells 

In the case of the treated sample DS-60min-NS (NH4OH, H2O2, and H2O in 5:1:4 vol ratio) 

and CS-60min-NS (NH4OH, H2O2, in 1:1 vol ratio), it is observed that the surfaces showed 

significantly high concentration of Cu ions released in the cell culture media. Therefore, it is 

important to determine the tolerance limit of the treated surfaces by investigating the 

cytocompatibility of the sample to obtain a balanced activity as an implant material.  

The cytocompatibility of the sample were investigated using two cell lines i.e., Saos-2 and 

HOb. The cytocompatibility studies included cell viability test using live/dead kit after 3 days 

in culture, cell proliferation after 1, 3, and 7 days, and cell differentiation studies involving 

ALP activity after 7 and 14 days.  
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On day 3 after cell seeding, the cytotoxicity of the samples was analyzed using live/dead kit. 

Live cells were stained green and dead cells were stained red via calcein and ethidium bromide 

staining, respectively. The result showed abundance of live cells, while only a few dead cells 

were observed on the surface of DS-60min-NS and CS-60min-NS sample (Figure 4.15). For 

Saos-2 cells, rounded cells were observed on the DS-60min-NS and CS-60min-NS sample. 

However, for HOb cells, the samples showed well spread cells on the surface after 3 days in 

culture. The cell viability of samples was above 98 % and 96 % for Saos-2 and HOb cells, 

respectively. In addition, the number of adhered live cells on the sample surface were 

quantified (Table 4.3). We observed that the untreated ribbon presented the highest number of 

Saos-2 cells, followed by the DS-60min-NS, glass control and the CS-60min-NS samples. For 

instance, the number of HOb cells was higher on DS-60min-NS than on CS-60min-NS and 

glass control, being the untreated ribbon the sample with less cells. It is noteworthy to 

acknowledge that HOb cells, being larger in size than Saos-2 cells, resulted in comparatively 

lower cell counts across all tested samples. 

 

 Table 4.3. The number of adhered Saos-2 and HOb cells on the samples. 

 

 

Figure 4.15. Cytotoxicity measurements using live/dead kit measured on Saos-2 and HOb cells 

after 3 days of incubation. Live cells represented in green and dead cells in red.  

Samples Saos-2 cells/cm2 HOb cells/cm2 

untreated ribbon 63146 ± 6479 10423 ± 2170 

DS-60min-NS 53913 ± 5690 14190 ± 3678 

CS-60min-NS 39550 ± 4498 13660 ± 6256 

glass control 46466 ± 10070 13194 ± 2244 
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As stated, the morphology of the adhered cells on the samples was analyzed using SEM (figure 

4.16). Saos-2 cells grown over the untreated ribbon samples showed flat cells after 3 days in 

culture. However, over DS-60min-NS sample some cells presented a more rounded 

morphology, along with some flat well adhered cells (shown in the inset) with polygonal 

morphologies and filipodia spread on the surface. In CS-60min-NS sample, flat cells were 

observed with polygonal morphology with contacts between cells, although few rounded cells 

were also observed in the vicinity of the flat cells (shown in the inset). The presence of rounded 

cells could indicate some degree of cell death. In few cases, the morphology was compatible 

with apoptosis, a type of regulated cell death [309–311]. These results could be due to surface 

chemistry of the DS-60min-NS and CS-60min-NS samples which show presence of Cu species 

on the near surface region of the pseudo-dealloyed sample. On the other hand, HOb cells 

cultured on all samples were flat and well spread on the surface of all samples. Prolonged 

filopodia extensions were observed on all the samples which indicate presence of healthy cells 

with visible nucleus and nucleoli within the nucleus. Interestingly, the presence of rounded 

Saos-2 cells previously observed on DS-60min-NS and CS-60min-NS samples was not 

observed for HOb cells. Both cell lines are osteoblasts, but from different origins. Saos-2 cells 

are tumoral cells, whereas HOb are cells isolated from healthy patients. In this regard, the 

results showed a different behavior when cultured on the same surface type. 

 

Figure 4.16. SEM micrographs of Saos-2 and HOb cells on sample surfaces after 3 days of 

incubation.  

 

Adhesion was studied through the analysis of stress fibers via the actin filaments staining of 

Saos-2 and HOb cells (figure 4.17). The cells grown on all sample surfaces showed well 

defined actin stress fibers after 3 days of incubation. This indicates that cells were able to 

adhere and spread to the surface of the samples. The multidirectional distribution of the actin 

filaments could be due to surface topography of the sample. The actin filaments can be seen 

aligning at one end forming contact points between cells to cells or cells to substrate. For Saos-
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2 cells, few cells showed short and disrupted actin bundles which corresponds to less spread 

cells or rounded cells growing on DS-60min-NS and CS-60min-NS samples. These results are 

in agreement with the ones observed for morphology using SEM.  

 

Figure 4.17. CLSM images of samples with Saos-2 and HOb cells after 3 days of incubation. 

Stress fibers (actin; red) and nuclei (DNA; blue).  

 

Furthermore, Saos-2 and HOb cell proliferation was analyzed after 1, 3, 7 days in culture 

(figure 4.18 a, b). The results showed no significant differences on Saos-2 neither on HOb cell 

proliferation among untreated ribbon, DS-60min and CS-60min samples over time. The 

gradual increase in the cell proliferation between 3 and 7 days indicates that both cell lines 

were able to adhere to the sample surface and to proliferate. By contrast, significant differences 

were found in cell proliferation between the three samples (untreated ribbon, DS-60min and 

CS-60min samples) and the glass control samples. Denoting that, at least, during the first days 

on culture, the metabolic activity is higher for both type of cells growing on glass control 

surfaces, even though no cytotoxicity was detected.  

Finally, the samples were investigated for cell differentiation by measuring ALP enzyme 

activity of Saos-2 cells after 7 and 14 days in culture (figure 4.18 c) and HOb cells after 14 

days (figure 4.18 d). The ALP activity of Saos-2 cells growing on samples was already detected 

after 7 days in culture, and the activity was maintained after 14 days in culture. No significant 

difference between the samples and glass coverslips was observed for both time points 

evaluated. For HOb cells, ALP activity of cells growing on the three samples was detected, 

although the activity was lower compared to Saos-2 cells. Similar ALP activity was observed 

among the samples and significant differences were observed when comparing the samples 

with glass control.  

Saos-2 and HOb cells showed different behavior when cultured on the same samples. Saos-2 

cells proliferated faster than HOb cells, although for each cell line no significant differences 

were observed among samples. Similarly, Saos-2 cells showed higher ALP activity compared 

to HOb cells. It is known that tumor cells have rapid proliferation, and the contact inhibition is 

U                                     G            
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disrupted [6]. In this sense, several authors have considered that HOb cells from healthy donors 

are cells that mimic better the in vivo cellular processes [312]. Regarding osteoblasts 

differentiation, a comparison between Saos-2 and HOb cells was previously performed by other 

authors, and the results demonstrated that both cell lines had similar differentiation pattern 

[312]. However, HOb cells are usually cultured using a differentiation cell culture medium that 

contains differentiation supplements. In the present paper, the use of differentiation 

supplements was avoided to evaluate the effect of the samples and the sample surfaces 

topography on osteoblasts differentiation. Thus, the ALP activity of HOb cells was due to the 

spontaneous differentiation that occurred over time. For Saos-2 cells, their more mature 

phenotype due to tumoral origin was responsible for the higher initial levels of ALP activity.  

 

Figure 4.18. Cell proliferation was measured using Alamar Blue assay for 3 days of incubation 

of (a) Saos-2 cells and (b) HOb cells. ALP activity measured after 7 and 14 days of incubation 

for (c) Saos-2 cells and after 14 days of incubation for (b) HOb cells. Data represented with 

mean ± SEM of three independent experiments and analyzed using ordinary one ANOVA, 

followed by Tukey’s post hoc test for multiple comparisons. *P < 0.05, **P < 0.01, ***P < 

0.001. 
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3.9. Converging insights from the studies to illuminate 

common ground 

The goal of the present work is to design the surface morphology and composition of the Ti 

based alloy in order to obtain a material with enhanced biocompatibility and antibacterial 

activity. To tackle this challenge, an advanced and facile chemical process was proposed to 

perform pseudo-dealloying on a Ti-based amorphous alloy obtaining a patterned Ti/Zr mixed 

oxides surface. Two samples, DS-60min-NS and CS-60min-NS (Diluted solution: NH4OH, 

H2O2, and H2O in a 5:1:4 volume ratio and concentrated solution: NH4OH, H2O2, in a 1:1 

volume ratio) were produced with unique chemical and morphological characteristics. The 

results obtained from cytocompatibility study performed with Saos-2 and HOb cells, Cu ion 

release, ROS production and antimicrobial effects of ribbons against gram-negative P. 

aeruginosa can be summarized and taken into account in a comprehensive way to understand 

in a whole the behavior of the DS-60min-NS and CS-60min-NS samples. The peculiarities of 

the DS-60min-NS sample are: np topography with average ligaments thickness 10.7 ± 1.3 nm 

and pore diameter 11.4 ± 1.6 nm; wettability of 64°; release of Cu species of 0.45 ± 0.04 mg/L. 

CS-60min-NS sample characteristics are: bimodal np porosity with diameter of small pores 

15.3 ± 4.6 nm and of bigger pores 178.6 ± 44.6 nm; ligament size of 12.4 ± 3.1 nm; wettability 

of 68.8°; Cu species release of 0.26 ± 0.02 mg/L. 

The different chemistry and morphology affect both cytocompatibility and antibacterial 

activity via different possible actions. (i) Cu release: Cu can be a cytotoxic element but when 

released in a limited amount can kill bacteria by ROS production via Fenton reaction. (ii) 

Morphology: cells and bacteria participate in the race for the surface to adhere on the implanted 

materials, roughness and wettability of the surface can play a major role to favor cell with 

respect to bacteria.  

Several studies have reported Cu as a cytotoxic element [313–315]. However, when Cu is 

alloyed with biocompatible elements such as Ti and Zr it does not show cytotoxic behavior 

[316]. Pd based dental alloys with composition Pd80Cu10Ga10 wt % showed a Cu release in cell 

cultured media between 0.1 mg/L and 1 mg/L and the cell viability with mouse fibroblast cells 

was 81 ± 8 % and 75 ± 13 %, respectively. However, when the Cu ion release increased at 10 

mg/L the cell viability was reduced to 54 ± 16 % [317]. Chai et al. [318] reported an in vitro 

response of bacteria (S. aureus and E. coli) and cells (MG63 osteoblast-like cells) on bone 

screws made from austenitic stainless steel with 4.5 wt % Cu (317L–Cu). The reported Cu ion 

concentration in the rabbit blood after 72 h of incubation was approximately 1 mg/L and the 

317L–Cu sample shows good biocompatibility, no evident toxicity with MG63 osteoblast-like 

cells and good antimicrobial activity as compared with Ti6Al4V control alloy. The in vivo 

study indicated that 317L- Cu can stimulate osteoblast like cell growth and significantly reduce 

infection and inflammation in rabbits. Moreover, Cu is known for killing bacteria by various 

routes, one possible is by ROS via Fenton reaction which induces cellular stress and impact 

bacterial membrane integrity of bacteria [139,319].  
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In the present work, the release of Cu ion reached a maximum of 0.45 ± 0.04 mg/L for DS-

60min, in the range that was shown in literature as associated with both good antibacterial 

activity and high cell viability. Therefore, literature observations are in line with what was 

observed in this work, where the Cu release from the surface of the DS-60min-NS (0.45 ± 0.04 

mg/L) and CS-60min-NS (0.26 ± 0.02 mg/L) is within the safe limit for cytocompatibility. In 

fact, the overall results from cytocompatibility study performed with Saos-2 and HOb cells 

indicated that the untreated and treated samples (DS-60min-NS and CS-60min-NS) did not 

induce cell toxicity up to 3 days of cell culture and the samples allowed cell proliferation up to 

7 days and early signs of osteogenic cell differentiation.  

Substantial antimicrobial effect was observed in the case of DS-60min-NS sample, comparable 

with cp-Cu, in 1 % crystal violet study. The AFM analysis further substantiated these findings, 

illustrating reduced bacterial adherence and planktonic bacteria after 2 h on cp-Cu and DS-

60min. Whereas, CS-60min-NS samples exhibited agglomerated bacteria, indicating early 

biofilm formation. The distinct anti-bacterial properties observed between DS-60min-NS and 

CS-60min-NS can be attributed to a combined effect due to variations in their surface 

topography, wettability, and ability to release Cu species. According to force-distance curve 

proposed by Cheng et al. [320] textured surfaces with small pore sizes significantly reduce 

bacterial attachment due to weaker interactions and higher energy barriers preventing adhesion 

as in the case of DS-60min-NS sample. Moreover, the hydrophilicity associated with DS-

60min-NS sample inhibits bacterial adhesion through hydrogen bonding and ionic interactions 

with surrounding liquid where “conditioning film” with adsorbed molecules are formed. In 

literature it was reported that effective bactericidal response was observed on nanostructured 

Ti surfaces with hydrophilicity 71°, due to cell membrane deformation of P. aeruginosa at the 

initial attachment on to the surface [321]. In contrast, CS-60min-NS has bimodal porosity in 

which the larger pores (178.6 ± 44.6 nm) can reduce energy barriers for bacteria, enhancing 

adhesion, while the smaller nanostructures on the surface contribute to a certain level of anti-

adhesion and could reduce bacterial attachment [322]. The combination of these factors makes 

CS-60min-NS less effective in preventing P. aeruginosa adhesion and biofilm formation 

compared to DS-60min-NS. Moreover, the ROS production and Cu ion release for CS-60min-

NS sample is reduced with respect to DS-60min-NS.  

Summarizing, DS-60min-NS sample is characterized by a relatively higher Cu release and ROS 

production, hydrophilicity of the surface and small homogeneous pores that allow its 

antibacterial activity while maintaining a good cytocompatibility. Conversely, CS-60min-NS 

sample shows a lower Cu and ROS production correlated with a bimodal morphology that is 

more in favor of bacterial adhesion. These observations underline the potential of DS-60min-

NS sample in combating P. aeruginosa biofilms. The investigation is focused on assessing the 

antimicrobial effects of ribbons against gram-negative P. aeruginosa. However, it is crucial to 

acknowledge that medical devices and biofilms often encompass various strains/species, and 

the interplay among them in multi-strain biofilms remains significant. While the study 

highlights promising antimicrobial properties, it primarily pertains to P. aeruginosa, 

necessitating further exploration encompassing gram-positive and drug-resistant bacteria to 

ascertain broader antibacterial efficacy. DS-60min-NS sample with hierarchically structured 
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surfaces with presence of residual Cu on the surface can potentially provide a balanced activity 

between biofilm resistance against P. aeruginosa and cytocompatibility with Saos-2 and HOb 

cells. This scheme illustrates the possibility for preventing bacteria adhesion and colonization, 

simultaneously maintaining balanced cytocompatibility to human bone cells in the so called 

“race for the surface” [323]. 

 

Table 4.4. Condensed overview derived from the comprehensive analysis presented in this 

work on untreated, DS-60min-NS (NH4OH, H2O2, and H2O in 5:1:4 vol ratio) and CS-60min-

NS (NH4OH, H2O2, in 1:1 vol ratio) ribbons. 
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Conclusion 

The Ti40Cu40Zr11Fe3Sn3Ag3 at % amorphous ribbons were evaluated for both glass-forming 

ability and thermal stability, showing promising properties. In order to enhance the 

biocompatibility and antibacterial activity of the amorphous alloy, chemical pseudo-dealloying 

experiments were performed with the goal of modifying both the surface morphology and 

chemistry to exploit both strategies to enhance the effectiveness of the process. Treatment was 

performed by employing solutions containing different concentrations of NH4OH, H2O2, H2O 

for different immersion time and in both stirring and non-stirring conditions, in order to 

evaluate the evolution of morphology, roughness and composition and identify the more 

promising conditions for implant applications.  

In detail, the employ of diluted solution (DS, 5:1:4 vol ratio of NH4OH, H2O2, H2O) over a 

range of immersion time (5, 30, 60, 120, 240, 360 min) demonstrated that the increasing of the 

immersion time from 5 min to 60 min led to formation of finer porosities and thicker ligaments. 

Further increase in processing time from 120 min to 360 min resulted in formation of larger 

pores and finer ligaments with respect to 60 min treated sample The most homogeneous aspect 

of pore and ligament size was observed in sample treated for 60 min in non-stirred condition 

(DS-60 min-NS) with mean pore size of 11.4 ± 1.6 nm and ligament size of 10.7 ± 1.3 nm. 

However, the sample produced in stirred electrolyte condition for 60 min resulted in two 

distinct layers with fine pores and ligaments in the inner layer (pore diameter 14.0 ± 4.0 nm, 

ligaments size 4.9 ± 1.0 nm) while larger pores and ligaments on the outer layer (pore diameter 

46.0 ± 6.5 nm, ligament size 13.3 ± 3.5 nm), demonstrating the modulatory effects of solution 

conditions.  

The XPS analysis revealed the trend in depletion of Cu, along with the emergence of Ti and Zr 

oxide-rich layers with increase in the immersion time. For instance, sample after 360 min 

treatment compared to 60 min treatment revealed substantial removal of the Cu species form 

the np surface region which are composed of Ti-and Zr-oxide species. When the treatment was 

performed using concentrated solution for 60 min (CS, 1:1 vol ratio of NH4OH, H2O2) in non-

stirred condition a distinct surface morphology was obtained with bi-modal pores, underscoring 

the pivotal role of hydrogen peroxide in shaping the surface characteristics. 

The mechanism of chemical pseudo-dealloying using ammonia involves: (i) formation of 

reactants (NH4
+, O2, OH-, H2O) in the solution and simultaneous mass transfer to metal surface; 

(ii) reaction at the interface of metal surface and solution leading to formation of copper-

ammonia complexes; (iii) rapid oxidation of Ti and Zr surface atoms during the etching 

process, thus impeding the surface diffusion of metal atoms, resulting in surface-limited 

dealloying of few nanometer-scale depth (approx. 30 nm in DS-60min-NS). Nevertheless, 

careful control of immersion time allowed controlled removal of Cu, and variations in 

morphologies were achieved by adjusting the concentration of hydrogen peroxide.  

Notably, the pseudo-dealloyed samples DS-60min-NS and CS-60min-NS exhibited 

hydrophilic interactions and demonstrated hemocompatibility, making them promising 

candidates for blood-contacting medical devices. Overall, DS-60min-NS sample exhibited 
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significant potential in combating bacteria adhesion and biofilm formation by Pseudomonas 

aeruginosa, as well as increased generation of reactive oxygen species (ROS) compared to CS-

60min-NS and untreated ribbon samples. The DS-60min-NS and CS-60min-NS modified 

surfaces exhibited no cytotoxic effects on osteoblast cells (Saos-2 and HOb). In summary, this 

study highlights the potential of pseudo-dealloyed surfaces to promote an effective 

antimicrobial response without compromising the cytocompatibility, offering promising 

prospects for effective antimicrobial biomaterial. 
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Chapter V 

ELECTROCHEMICAL DEALLOYING 

USING NITRIC ACID 

 

 

Specific Aim 

• To selectively etch copper from the near surface region of Ti40Cu40Zr11Fe3Sn3Ag3 

multicomponent amorphous alloy using electrochemical treatment.  

• To assess the impact of applied potential on the topography and chemical composition 

of the alloy, analyze the surface with the goal of understanding the changes in 

nanostructure and chemical composition.  
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1. Introduction 

To achieve tailored np structures and reduce Cu species in the near-surface region of Ti-Cu 

based amorphous alloys, techniques adapted from the concept of electrochemical dealloying 

have emerged as a promising avenue [324–326]. Jayaraj et al. [107] focused on phase-separated 

Ti-based metallic glass ribbons Y56Al24Co20, Ti56Al24Co20, and Y20Ti36Al24Co20, employing 

electrochemical dealloying to selectively dissolve the Y-rich phase, leaving behind a well-

defined Ti-rich phase. The study revealed a successful homogeneous dealloying process, 

resulting in interconnected porous structures, with distinct Y and Ti-rich phases. The 

dealloying conditions involved treatment in 0.1 M HNO3 solution at 1.9 V for 30 min, wherein 

a porous morphology was obtained.  

Dongmian Zang et al. [112] utilized electrochemical dealloying at 1.82 V in 2 M HNO3 for 3 

hours to create a bicontinuous porous layer on NiTi alloy by dissolution of Ni and oxidation of 

Ti-oxide rich layer. Subsequent hydrogel coating of the dealloyed samples produced super-

oleophobic NiTi/hydrogel nanocomposites with enhanced hemocompatibility. The samples 

showed successful inhibition of platelet adhesion and protein adsorption, additionally the 

sample showed lower modulus compared to the untreated NiTi alloy indicating the potential 

application of these nanocomposites in endovascular stents.  

In the study conducted by S. L. Zhu, [327] explored electrochemical dealloying of amorphous 

alloys (Ti40Cu60 and Ti50Cu50 at %), using HNO3 solution. Varied parameters included HNO3 

concentration (3.38-7.55 mol/L), temperature (60-80 °C), and applied potential (0.6-1.4 V). 

Lower HNO3 concentrations reduced corrosion and oxide formation, revealing fine pores (15-

20 nm). Higher potential led to excessive passivation, impeding Cu removal. Pore depth and 

diameter correlated with applied voltage, emphasizing its importance. Increasing temperature 

enhanced pore formation due to heightened system energy, accelerating atom migration. Np-

Ti and Cu oxides were synthesized on a Ti30Cu70 amorphous ribbon employing conditions of 

5.36 M HNO3, 1.0 V, 3 hours, and 70 °C resulted in the formation of np structures. The obtained 

structures exhibited an average pore size of 50 nm, average thickness of the pore walls was 100 

nm. However, the depth of the np-structure was limited to 500 nm.  

Dealloying is not without its challenges, particularly for valve-metal-based alloys. Surface 

processes are hindered by immediate oxidation, limiting the penetration depth of the dealloying 

process. Thus, the term "pseudo-dealloying" was introduced to describe the surface 

nanostructuring process specific to Ti-Cu based amorphous alloys. We performed 

electrochemical pseudo-dealloying of Ti47Cu38Fe2.5Zr7.5Sn2Si1Ag2 amorphous alloy using 5 M 

HNO3 solution at 60 °C applying an anodic potential of 1 V vs. SCE which led to formation of 

homogenous and defined np structure with the largest pores (18 ± 3 nm) and finest ligaments 

(6 ± 1 nm). Additionally, increasing the potential led to the formation of wider ligaments and 

smaller pores in addition to a thicker oxide layer (33.6 ± 0.1nm at 1.4 V vs. SCE after 3600 s). 

The produced np-oxide layers showed improved corrosion resistance of the treated surface in 

a synthetic body fluid compared to untreated surfaces [173].  
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In this work, we attempted to effectively remove Cu from the near-surface regions of the 

Ti40Cu40Zr11Fe3Sn3Ag3 (at %) amorphous alloy. An electro-chemical process was conducted 

under specific pH and potential regimes that allow the formation of soluble Cu species, 

typically involving strong acid solutions within the water stability range. In this chapter, we 

report our initial successful efforts to develop an approach for the creation of a np Ti-oxide 

based layer on amorphous Ti40Cu40Zr11Fe3Sn3Ag3 (at %) ribbon samples through 

electrochemical pseudo-dealloying in a nitric acid solution at elevated temperatures. This study 

demonstrates how the applied anodic potential governs the surface reactions leading to 

formation of porous surface layers with ligament and pore sizes in the nanometer range.  

This work was carried out in Leibniz-Institute for Solid State and Materials Research Dresden 

(Leibniz IFW Dresden), Dresden, Germany during my period abroad.  
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2. Experimental Procedure 

Electrochemical treatment was performed using a Solartron SI 1287 electrochemical interface 

connected to a three-electrode cell with a double-wall jacket for temperature control 

(BioLogic). A saturated calomel electrode (SCE) (SHE = 0.241 V) was used as the external 

reference electrode with a luggin capillary. A Pt sheet served as a counter electrode. As a 

working electrode, 3-4 cm long ribbon pieces were cut, electrically connected at one end and 

partially isolated with Teflon tape exposing an area of 1 cm2.  

The potentiodynamic Tafel plot was recorded after pre-exposure of the ribbon sample for 30 

min under open circuit potential (OCP) conditions using 5M nitric acid (HNO3, 65 % p.a., 

CHEMSOLUTE®, pH = -0.7) at 60 °C from -0.5V to 2V at scan rate of 1mV/s.  

These electrolyte conditions (pH value and concentration) for the surface modification were 

selected considering the Pourbaix diagrams of Ti (hydrous and anhydrous) and Cu at 25 °C.  

Further potentiostatic measurements were performed using 5 M HNO3 at 60 °C for a duration 

of 1 and 2 hours. The treated sample was rinsed five times with deionized water and then air 

dried. The samples were stored in vacuum condition until surface characterization.  

The surface morphology of the non-treated and treated samples was investigated by FESEM 

LEO Gemini 1530, Field Emission Scanning Electron Microscope (FESEM) with an energy of 

20 keV. The chemical composition of the sample was analyzed using X-ray photoelectron 

spectroscopy. The spectrometer (Physical Electronics PHI 5600) is equipped with a 150 mm 

hemispherical analyzer and a monochromatic Al-Kα Xray source. High resolution spectra were 

obtained with a 29 eV pass energy and a 0.8 mm spot size. A low energy electron gun (5 V) is 

used as a neutralizer to prevent surface change during the measurement. All spectra were 

energy corrected using graphitic carbon at 284.4 eV as a reference.  

The calculation of dimension of surface topography was carried out using Image J software 

with a minimum of 40 points. 
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3. Results and Discussion 

3.1 Electrochemical surface treatment using nitric acid 

Superimposed Pourbaix diagrams of Cu and Ti were designed to understand the 

thermodynamics of corrosion of Ti (hydrous and anhydrous) and Cu at 25 °C, with regions of 

immunity, passivation, and corrosion at different pH and potential. The electrolyte conditions 

(pH value and concentration) for the surface modification parameters were selected considering 

the Pourbaix diagrams (Figure 5.1 (a-b)). The solid lines in Figure 5.1 (a-b) represent 

concentration of dissolved species in 100 M and dash-dot lines represent 10-6 M.  

Limited species of titanium and copper (CuO, Cu2O, Cu(OH)2, TiO, Ti2O3, TiO2  and Ti(OH)3) 

were considered in the Pourbaix diagram [328,329]. The dashed blue lines (1) and (2) represent 

the thermodynamic stability of water at a given temperature and pH. In Figure 5.1 (a) in acidic 

region for pH below 3.5 and applied potential between 0.5 V to 2 V copper undergoes corrosion 

while Ti remains passivated in the whole range. Whereas, in the same pH and V range, in 

Figure 5.1 (b) Ti and Cu likely undergo corrosion.  

 

Figure 5.1. Superimposed Pourbaix diagrams of Cu and Ti (a) anhydrous, (b) hydrous at 25 

°C.  

 

Potentiodynamic polarization curves of the ribbon samples in 5M HNO3 solution at 60 °C are 

shown in Figure 5.2, recorded after 1 hour of OCP stabilization (inset). The corrosion current 

density (icorr) is 1×10-8 A/cm2 and the corresponding corrosion potential (Ecorr) 0.357 V.  

Upon anodic polarization, a direct transition into a current density plateau in pseudo-passive 

region is observed. In the plateau regime, the current density increases gradually at 1.5 V vs. 

SCE. At potentials higher than 1.5 V vs. SCE, a steep current density increase occurs, which 

indicates a trans-passive regime where alloy surface oxidation is due to water decomposition. 

The polarization curves were used to identify the appropriate conditions for further studying 

(2) 

(1) 

(2) 

(1) 
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potentiostatic pseudo-dealloying. Different potentials, indicated by arrows, were selected 

within the pseudo-passive regime at 60 °C to analyze their effect on the morphology and 

composition of the sample surface after 1 hour of treatment in 5 M HNO3 solution. 

It is observed that at applied potential of 0.5 V, which is in the active region resulting in 

breakdown of oxide layer [330], the surface of the sample is covered with white artifacts 

(Figure 5.2 a). Further, at elevated potentials such as, 0.75 V, 1 V, 1.25 V, a np and homogenous 

surface is observed (Figure 5.2 b-d). At a potential of 1.5 V in the vicinity of the transpassive 

regime, the processes of alloy surface oxide formation and dissolution are concurrently 

influenced by the water decomposition reaction leading to oxygen evolution (Figure 5.2 e).  

This observation elucidates the surface morphology, resembling an occurrence associated with 

corrosion events. This phenomenon is likely attributed to the ability of oxygen to not only 

enhance the alloy surface oxidation through chemical side reactions but also induce localized 

acidification in electrolyte regions near the surface. Consequently, this localized acidification 

contributes to the corrosion of the surface. In summary, the feasibility of the electrochemical 

pseudo-dealloying process for the Ti-Cu based amorphous alloy is constrained to a potential 

range corresponding to the pseudo-passive and early transpassive state due to these observed 

effects. 

 

 

Figure 5.2. Potentiodynamic polarization curves of ribbon samples in 5 M HNO3 solution at 

60 °C, measured with a potential scan rate of 1 mV/s. The arrows indicate anodic potentials 

which were selected for further potentiostatic studies; inset: OCP stabilization at 60 °C after 1 

hour. 
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After subjecting the ribbon surfaces to potential-dependent treatments in a 5 M HNO3 solution 

at 60 °C for 1 hour, we selected surfaces treated at 0.75 V, 1 V, and 1.25 V for further 

comparative analyses using FESEM and XPS. To explore the impact of longer treatment times, 

such as 2 hours, we investigated the surface transformation in the same solution.  

The potentiostatic polarization curve in Figure 5.3 (a-b) for 1 hour and 2 hours of treatment 

time at potentials of 0.75 V, 1 V, and 1.25 V vs. SCE potentials showed striking similarities. 

However, the curve at 1.2 V vs. SCE for 2 hours displayed a higher current density, likely due 

to contact issues with the sample during treatment. 

Analyzing the surfaces of the samples treated under the selected potentials for 1 hour and 2 

hours revealed a very uniform np morphology with distinct pores and ligaments (Figure 5.3 c-

h). For treatment at 0.75 V vs. SCE, a nanostructure was formed with a mean pore size of 17 ± 

3 nm and a ligament size of 14 ± 2 nm after 1 hour. At 2 hours, the mean pore size was 13 ± 2 

nm, with a ligament size of 8 ± 1 nm (Figure 5.3 c-d).  

Similarly, treatment at 1 V vs. SCE resulted in a finer structure with an average pore size of 12 

± 2 nm and a ligament size of 9 ± 1 nm after 1 hour. After 2 hours, the mean pore size and 

ligament size remained the same (Figure 5.3 e-f).  

At a higher applied potential of 1.25 V vs. SCE, the np structure showed minimal changes, 

with a pore size of 15 ± 2 nm and a ligament size of 9 ± 2 nm after 1 hour. After 2 hours, the 

mean pore size was 17 ± 3 nm, while ligament size was 18 ± 4 nm (Figure 5.3 g-h). 

Analyzing the trends in pore size and ligaments at 1 hour showed that at a low applied potential 

(0.75 V vs SCE), the pore and ligament size were high. As the applied potential increased to 1 

V, the pore and ligament size slightly decreased and remained almost unchanged, within the 

experimental error, at 1.25 V (Figure 5.3 i). For 2 hours, a slight gradual increase in pore and 

ligament size was observed with an increase in applied potential (Figure 5.3 j). 
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Figure 5.3. Current density transient of a ribbon sample recorded during potentiostatic 

polarization (a) 1 hour and (b) 2 hours. FESEM images of the potentiostatic treated surfaces at 
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different potentials in 5 M HNO3 solution at 60 °C for 1 hour at (c) 0.75 V, (d) 1 V, (e) 1.25 V 

and for 2 hours at (f) 0.75 V, (g) 1 V, (h) 1.25 V, pore, and ligament size graph for (i) 1 hour 

and (j) 2 hours.  

 

3.2 Surface characterization using XPS 

The untreated ribbon samples and the treated for 1 hour at 0.75 V, 1 V, 1.25 V were further 

analyzed to investigate the chemical composition using XPS (Figure 5.4). Only the main 

constituents Ti, Zr and Cu as well as oxygen O were considered, while the other minor 

constituents remained below a reliable analysis detection limit. It is worth mentioning that all 

the components were detected but only the relevant ones for this study (Cu, Ti, Zr and O) are 

elaborated further.  

In Figure 5.4 (a), the XPS analysis reveals the presence of carbon on the sample surface. It is 

important to note that this carbon signal primarily originates from atmospheric exposure of the 

ribbon samples and the subsequent cleaning process involving organic solvents. As such, it is 

considered a contamination rather than an inherent characteristic of the samples under 

investigation. The discussion will focus on the elemental composition and characteristics 

relevant to the research objectives, while acknowledging and excluding the carbon 

contamination observed in Figure 5.4 (a). In treated samples the concentration of Cu was 

significantly reduced from the surface of the samples as compared to untreated ribbon samples 

(Figure 5.4 b). The ratio of Cu/(Ti+Zr) for each sample is mentioned in Table 5.1. It is evident 

that the ribbon sample treated at 1V vs SCE showed the lowest concentration of Cu vs (Ti+Zr). 

It is also important to note that the concentration of O increases with increasing the applied 

potential.  

 

Figure 5.4. XPS analyses (a) surface survey scan and (b) stacked elemental scan of samples 

treated in 5 M HNO3 60 °C at 0.75 V, 1 V, 1.25 V vs. SCE for 1 hour and of the untreated 

ribbon. 
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Table 5.1. The ratio of Cu/(Ti+Zr) for untreated and treated samples. 

Samples Cu Ti Zr Cu/Ti+Zr 

Untreated ribbon 69.24 22.82 7.93 2.25 

0.75 V 18.10 55.78 26.11 0.22 

1 V 16.18 53.83 29.99 0.19 

1.25 V 25.63 48.41 25.96 0.34 

 

The survey spectra illustrating the Cu2p, Ti2p, Zr3d, and O1s states are presented in Figure 

5.5. For the discussion, the focus is directed solely towards the spin-orbit peaks with the highest 

area ratio: Ti2p3/2, Zr3d5/2, and Cu2p3/2. Overlapping peaks in Ti2p1/2, Zr3d3/2, and 

Cu2p1/2 complicate the interpretation of their oxidation states. Nevertheless, due to the nature 

of the splitting, any assumption drawn from the initial peaks extends to the subsequent ones. 

Examining the Ti2p spectrum (Figure 5.5 a), the untreated ribbon sample exhibits a distinctive 

peak at 458.8 eV, primarily corresponding to the oxidation state Ti(IV). In contrast, the treated 

sample shows the same peaks shifted to a higher binding energy (BE) of 459.2 eV. This shift 

is attributed to the reduction of the work function of Ti resulting from Cu dissolution in the 

near-surface regions due to electrochemical treatment, thereby altering the Ti environment. 

Considering the Zr3d spectra (Figure 5.5 b), the untreated ribbon sample displays a 

characteristic peak at 182.3 eV, corresponding to the oxidation state Zr(IV). Similar to Ti2p, 

the treated sample presents the same peak shifted to a slightly higher BE of 182.9 eV due to 

the same reason. 

In the O1s spectra (Figure 5.5 c), two main peaks are visible: structural oxygen at 530 eV 

corresponding to coordination with Ti(IV) and Zr(IV) (non-hydrous oxides), and another at 

532-533 eV associated with hydroxides (coordinated to Cu(II) or Ti and Zr) [331,332]. 

Notably, in the treated sample, the dominance of the structural oxygen peak is observed. This 

is explained by the thicker oxide layer formed after electrochemical treatment, the absence of 

Cu(II) in the oxide film, and the consequent increased availability of O atoms for coordination 

with Ti and Zr.  

In the case of Cu2p (Figure 5.5 d), two oxidation states are identified. In the untreated ribbon 

sample, the main peak appears at 933.1 eV, corresponding to the oxidation state Cu(0). The 

defined peak at 932.7 eV may correspond to Cu(0) or Cu(I). Additionally, a thin oxide film 

formed by air-aging with a predominant presence of Ti/Zr(IV) non-hydrous oxides is observed. 

In contrast, the treated sample shows a np thicker oxide film resulting from selective Cu(0) 

oxidation and subsequent dissolution. It also demonstrates a significant contribution of 

Ti/Zr(IV) non-hydrous oxides due to film growth and a minor presence of Ti/Zr(0) and Ti/Zr 

hydrous oxides due to spontaneous reactions with HNO3. 
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Notably, the presence of Cu in its metallic state within the oxide film of treated ribbon samples 

can be inferred. This suggests Cu may be in an alloyed form, coordinated to other metallic 

species such as Ti, Zr, and/or another Cu. Given the structural rearrangement required for oxide 

film growth and np formation, it is plausible that at some point, Ti and/or Zr oxides are 

coordinated to Cu (and other metallic species), confining Cu within the alloy system, and 

preventing its further oxidation and dissolution.  

 

Figure 5.5. High resolution XPS analyses considering (a) O1s, (b) Cu2p, (c) Ti2p, (d) Zr3d, 

surface states of the ribbon sample after an electrochemical treatment in 5 M HNO3 60 °C at 

0.75 V, 1 V, 1.25 V vs. SCE for 1 hour and of the untreated ribbon. 

 

A mechanistic elucidation of electrochemical pseudo-dealloying process under applied pseudo-

passive potentials (0.75, 1, 1.25 V) for 1 hour and 2 hours can be outlined as follows: 

i. Initial passive film on the surface of the untreated ribbons is observed (using XPS). 

 

ii. Passivity Breakdown and Cu Dissolution: breakdown of passivity follows, leading to 

temporary Cu dissolution from the near-surface regions and beyond. Local film breakdown 

permits the dissolution of Cu (and minor species) in the near-surface regions (as represented 

by eq. 5.1). Simultaneously, the oxide layer undergoes growth as detected in XPS. Nitric 
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acid influences this process, resulting in porous morphology and topography as observed 

with FESEM. 

             Cu+2NO3
-
+4H

+
→ Cu

2+
+ 2NO2+2H2O                                                         (eq. 5.1)  

 

The surface transformation involves the gradual growth of a np oxide with a mixed composition 

of hydrous and non-hydrous Ti- and Zr-oxides. According to XPS findings, Cu is either in the 

oxide state (CuI) or metallic state (Cu0). The coordination of Cu with oxidized Ti and Zr atoms 

hinders its diffusion, oxidation, and dissolution. This inhibition prevents further pore formation 

that would expose Ti/Zr(0) to the electrolyte for additional oxide formation. 

The surface processes on the amorphous Ti-Cu based alloy, characterized by no excess 

concentration of Cu relative to valve metal components, exhibit self-restrictive behavior. 

Consequently, the progression of the surface transformation front remains confined.  

 

Conclusion 

This research introduces an innovative electrochemical surface treatment strategy for the 

Ti40Cu40Zr11Fe3Sn3Ag3 (at %) alloy. This method involves anodic polarization within the 

pseudo-passive potential range in a 5 M HNO3 solution at 60 °C. Under these conditions, the 

generation of Cu-depleted nanostructured Ti/Zr oxides was successfully demonstrated. 

It is noteworthy that, while the occurrence of such a process was observed across all pseudo-

passive potentials, the application of an anodic potential of 1 V vs. SCE for 1 hour resulted in 

the highest depletion of Cu concentration. This specific condition yielded a remarkably 

homogeneous and well-defined np structure characterized by the largest pores (12 ± 2 nm) and 

finest ligaments (9 ± 1 nm). Notably, extending the polarization time to 2 hours did not 

substantially alter the surface morphology and chemical composition. 

Furthermore, it is crucial to highlight that the formation of the np structure was confined to the 

pseudo-passive regime. Transitioning into transpassive conditions led to surface dissolution 

and degradation, emphasizing the critical role of maintaining the pseudo-passive potential for 

the controlled and optimal development of the desired np structure. This research not only 

provides insights into the electrochemical treatment of Ti-based alloys but also offers a 

strategic approach for tailoring surface characteristics with potential applications in diverse 

fields. 
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Chapter VI 

SOLID STATE DEALLOYING 

 

 

Specific Aim 

• Attempt solid-state selective Cu dissolution using Zn to produce np-Ti on 

Ti40Cu40Zr11Fe3Sn3Ag3 amorphous alloy.  

• Investigate the parameters involved in the heat treatment process for the efficient 

diffusion of Zn into the Ti-Cu amorphous alloy. 

• Develop and refine the selective etching process using a mixture of ammonium 

hydroxide and hydrogen peroxide to achieve optimal removal of Cu/Zn-rich phases, 

ensuring the creation of a well-defined np-Ti layer. 

• Utilize scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy 

(EDS), and X-ray diffraction (XRD) to comprehensively characterize the 

microstructure, composition, and crystallographic properties of the synthesized np-Ti. 

 

 

 

 



Kirti Tiwari, UNITO 

 

135 

 

1. Introduction 

Selective element dissolution is a promising method for the fabrication of np structures that 

have been extensively applied in different areas such as catalysts, fuel cells, batteries, sensors 

and biomedical [17]. This process selectively removes one or more components from a parent 

alloy, while the remaining component(s) form a bi-continuous structure [333]. Selective 

element dissolution techniques such as chemical etching or electrochemical etching have 

limitations when it comes to Ti alloys. Ti and Ti alloys face challenges in generating np 

structures by chemical and electrochemical route due to their low standard electrode potential 

and their tendency to passivate quickly [79,334].  

A new selective element dissolution method using magnesium (Mg) melt was reported by 

Wada et al. to produce np-Ti, using immersion of the Ti30Cu70 alloy [334]. This method is 

based on the solubility of liquid melt with the precursor alloy. For instance, the authors used 

Mg melt to selectively dissolve Cu atoms into the melt, while Ti atoms reorganize resulting in 

formation of Ti/Mg nanocomposites. Which are chemically etched using nitric acid solution to 

obtain np-Ti structure [97]. However, this technique has drawbacks such as, requirement for 

high temperature for magnesium melt, coarsening of nanopores structures due to selective 

element dissolution at high temperature, handling of magnesium melt as it poses hazards such 

as inflammable and explosive [52,79,82].  

Therefore, a new method for selective element dissolution using Mg powder was proposed by 

Wada et al. via solid state diffusion for selective element dissolution [77]. This process involves 

the selective dissolution of one or more elements from a metallic alloy using solid state 

diffusion which forms np structure [79]. This technique has garnered significant attention in 

recent years due to its potential applications in fields such as catalysis, energy storage, and 

sensing [335]. In recent years, solid state selective element dissolution has emerged as an 

effective method for producing np materials with unique properties on alloys such as, Ti-Cu 

[79], Fe-Ni [336], Ta-Ti [75], Fe-Cr-Ni [77].  

F Zhang et al. produced alpha Ti foams by heat-treating Ti30Cu70 at % master alloy in Mg 

powders. A densified Ti30Cu70 master alloys with Cu3Ti2 and Cu4Ti3 phases react with Mg 

powders during heat treatment, forming Cu2Mg phase and Ti/Mg nanocomposites. Through 

subsequent etching in nitric acid solution alpha Ti foams were produced with Brunauer Emmett 

and Teller BET surface area of 34.4 6 0.8 m2/g and pore size in the range of 2–50 nm [337].  

I. McCue et al. reported that specific design criteria are required to fabricate damage-free fully 

dense composites via selective metal dissolution. Two identified criteria reported by author’s 

were that the alloy systems should not undergo significant volume changes or phase 

transformations during dealloying. Solid solution of the parent alloy is most important, and 

interdiffusion between the solvent and dissolving component should be comparable in 

magnitude which requires consideration of enthalpy of mixing. The authors studied three alloy 

systems with Ti65Ta35 at % alloy deposited on Cu substrate, Ni55Fe45 deposited on Cu substrate, 

and Ti65Ta35 deposited on a Zr substrate. The study proposed a "kinetic" selective dissolution 
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criterion for dealloying. This criterion suggests that the solvent should have negative enthalpy 

of mixing with all components in the parent alloy but should have significantly slower inter-

diffusivity with the remaining component compared to the dissolving component. The Ti-Ta/Zr 

alloy system was identified as a suitable model for further investigation of selective metal 

dissolution by authors [75,338].  

Y Shi et al. np-Ti was successfully fabricated by dealloying Ti-Cu precursor alloy powders in 

Mg solids. The dealloying process occurred at a lower temperature compared to traditional 

liquid metal dealloying, and the mass transport conversion shifted from liquid-solid to solid-

solid when the temperature was below the eutectic temperature. The resulting np-Ti had a 

ligament size ranging from 150 to 500 nm, which could be controlled by adjusting dealloying 

parameters. The coarsening behavior of the ligament was attributed to surface diffusion and 

could be predicted using a diffusion-based growth kinetic model. The calculated specific 

capacitance values for np-Ti were significantly higher (7-60 times) than those for raw Ti 

powders, and np-Ti with smaller ligament sizes exhibited improved electrochemical active 

surface area and electrochemical capacitance [79].  

C Zhao et al. demonstrated a new method called thin-film solid-state interfacial dealloying for 

fabricating a 3D bi-continuous porous structure using Ti adhesion layer, Ta barrier layer, 

Ti30Cu70 (at %) parent alloy layer, and Mg dealloying agent. The pore and ligament sizes 

achieved through thin-film solid-state interfacial dealloying were in the range of 5-15 nm, 

similar to the smallest sizes obtained with aqueous solution dealloying and liquid metal 

dealloying methods. The use of barrier and adhesion layers prevented morphological changes 

and substrate interactions. Multimodal microscopy techniques were employed to analyze the 

3D morphology of the dealloyed film. The presence of Ti oxides in the thin films offered dual-

functionality as chemical reactive materials and diffusion barriers. The formation of np bcc-Ti 

at relatively low temperatures was reported. Design criteria for thin-film solid-state interfacial 

dealloying were explored, suggesting the inclusion of entropy considerations in addition to 

enthalpy criteria. The study demonstrates a novel approach for fabricating np metal thin films 

and provides insights for future applications [339].  

Despite the promising results obtained using Mg powder for solid-state selective element 

dissolution of Ti-Cu alloy, there are still challenges to be addressed. One of the major 

challenges is the use of magnesium powders, which can be difficult to handle and pose a safety 

hazard [337]. Finding alternatives to magnesium powders could lead to safe and efficient way 

for solid-state selective element dissolution technique. Zn is known to form phases with Cu via 

diffusion, while Ti is less likely to form phase with Zn [340,341].  

The other factor involved in choice of Zn was due to its surface diffusion with Cu is faster 

compared to Ti. For instance, Zn has shown a higher diffusion coefficient as compared to Ti. 

In a study performed by Ke Liu et al. the author studied the growth behavior and diffusion 

kinetics of Cu - Zn based intermetallic compounds. In the diffusion zones between 289 - 379 

°C the integrated interdiffusion coefficients of the Cu - Zn intermetallic compounds were 1 × 

10(-10)-(-14) m2/s [342]. While in Ti - Zn IMCs, Younjang Tan et al. reported the integrated 
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interdiffusion coefficients are in the range of 1 × 10-16 m2/s for temperature ranges between 

300 °C to 374 °C [340].  

Therefore, in this study we use metallic Zn to attempt to remove Cu from surface of 

Ti40Cu40Zr11Fe3Sn3Ag3 amorphous alloys. Zn is electrodeposited onto the surface of the 

amorphous alloy, forming a layer that is a few micrometers thick. Zn is selected considering 

its difference in diffusivity with Cu and Ti. Electrodeposition is a commonly used method for 

synthesizing metallic materials due to its simplicity, cost-effectiveness, and ability to control 

the deposition parameters. The Zn layer is further subjected to a heat treatment, which causes 

the formation of Cu-Zn based phases. The heat treated sample was further selectively etched 

to remove Zn and Cu-Zn based phases using a mixture of ammonium hydroxide and hydrogen 

peroxide [343].  

Overall, solid-state selective element dissolution using electrodeposited Zn on Ti-Cu based 

amorphous alloys can be a promising method for producing np structures with unique 

properties. The resulting materials have potential applications in a variety of fields and could 

pave the way for the development of new and innovative technologies for solid state selective 

element dissolution of less noble metals like Ti, Zr. In this chapter the electrodeposition of Zn, 

and the solid-state selective element dissolution process is discussed.  
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2. Experimental Procedure  

2.1 Sample preparation  

2.1.1 Electrodeposition of Zn 

The electrodeposition was performed using autolab potentiostat instrument (Metrohm, 

Netherlands) and data collection using NOVA 2.1.4 software. Three electrode cells with 

platinum as counter electrode, Ag/AgCl double bridge as reference electrode and amorphous 

ribbon as working electrode was used. Zinc sulphate heptahydrate (ZnSO4.7H2O) (≥99.5 %, 

Sigma-Aldrich) solution with 1.0M, 0.5M and 0.1M was used for conducting linear sweep 

voltammetry with open circuit potential for 300 sec voltage range from 5 mV to -2 V and scan 

rate 0.010 V/s. The ribbon sample was placed at a fixed distance of 2 cm with platinum counter 

electrode. Potentiostatic deposition of Zn was performed at -1.2V, -1.3V, -1.4V, -1.6V with 

1.0M, 0.5M and 0.1M zinc sulphate solution to optimize the thickness of Zn deposit between 

2-3 µm. After electrodeposition the ribbons samples were rinsed with deionized water and 

isopropanol two times.  

2.1.2 Heat treatment  

The electrodeposited ribbon samples were sealed in a quartz crucible with argon gas to prevent 

oxidation of Zn. The heat treatment of the sample was performed in an isothermal condition 

for diffusion of Zn with Cu. The sample was heated starting at room temperature till 300 °C at 

a rate of 3°C/min. Isothermal temperature at 300°C was maintained for 24 h then the samples 

were cooled to room temperature at 3°C/min. 

2.1.3 Selective corrosion 

The samples were immersed in a solution with NH4OH (30 %, Sigma Aldrich) and H2O2 (35 

%, Merck) in 1:1 vol ratio for 5 and 10 min to ensure selective etching of Zn, Cu-Zn based 

phases. The samples were washed with deionized water and dried in oven at 50 °C for 1 h.  

2.2 Sample characterization 

The surface morphology of the sample was analyzed with Tescan Vega 4, scanning electron 

microscopy (SEM), Tescan S 9000G, Field emission scanning electron microscopy (FESEM). 

The chemical composition of the sample was analyzed using energy dispersive X-Ray 

spectroscopy (EDS) Ultim max 40mm2 Oxford instruments. The structure of the deposited Zn 

surface was analyzed using X-Ray diffractometer (X’Pert Panalytical), with Cu K α radiation 

(λ= 1.5418 A°) in Bragg Brentano geometry at tension 40 kV and current 30 mA. The slit size 

was 1/2 degree and 5 mm. XRD indexing was performed using X’pert highscore software 

(version2.2c (2.2.3)). ImageJ software was utilized to calculate the average thickness of the 

ligaments with 30 data points.  
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3. Results and Discussion 

3.1. Electrodeposition of pure zinc on the substrate 

The electrodeposition of Zn depends on the parameters like applied voltage and electrolyte 

concentration. Figure 6.1 (a) shows liner sweep voltammogram curve for I vs E, at sweep rate 

of 0.010 V/s with three different concentrations of zinc sulphate solution. The deposition of Zn 

occurs at the cathodic part with an increase in current density -0.8V to -1.2V.  

Further the different regions of Zn deposition were studied, region I (RI) represents the zone 

before deposition starts, region II (RII) is potential at which nucleation of Zn occurs on the 

substrate, while region III (RIII) involves hydrogen evolution. 

The curves for the 0.1 M solution indicate a lower current density, suggesting an uneven 

deposition of Zn. Conversely, an increase in molarity corresponds to a rise in current density. 

Figure 6.1 (b) illustrates that the surface of the sample electrodeposited with the 0.1M solution 

is sparsely covered, revealing a visible ribbon sample.  

In contrast, Figure 6.1 (c) displays a sample electrodeposited with the 0.5M solution, 

showcasing a flower-like morphology and a densely covered Zn layer on the surface. 

Nevertheless, traces of sulfur were detected in the EDS scan, indicating its presence from the 

electrolyte.  

For the sample deposited with a 1M solution, Figure 6.1 (d) reveals a homogeneously deposited 

and thick Zn layer on the sample surface. This suggests that the higher molarity solution leads 

to a more uniform and substantial deposition of Zn.  
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Figure 6.1. (a) LSV of Zn deposited sample with 0.1M, 0.5M and 1M ZnSO4.7H2O solution. 

EDS measurement and SEM micrographs of deposited samples after LSV scans of (b) 0.1M 

solution, (c) 0.5M solution and (d) 1M solution.  

 

Further investigation was performed to understand the influence of potentiostatic deposition 

with changing the molarity of the solution. Different potentials -1.2V, -1.3V, -1.4V, -1.6V were 

selected to optimize electrodeposition thickness and homogeneity of Zn on the surface of 

ribbon sample. Figure 6.2 shows SEM images of Zn electrodeposited samples for 60 sec with 

different concentration of ZnSO4.7H2O and different potentials. The potentials were selected 

from the LSV curves and considering the potential zone for nucleation and deposition of Zn on 

the substrate [344].  

The images in Figure 6.2 (a-d) show electrodeposited samples with 0.1M solution. The Zn 

deposition was sparse and inhomogeneous on the surface (Figure 6.2 a-c), additionally with 

increasing the voltage the Zn layer became irregular and showed cracks in the electrodeposited 

layer (Figure 6.2 d). EDS scan of the samples showed traces of sulfur and oxygen on the 

coating. In Figure 6.2 (e-h) samples electrodeposited using 0.5M solution showed thin Zn 

deposition on the sample surface (Figure 6.2 e-f). Increasing voltage, the deposited layer 

showed traces of sulfur and higher oxygen content. The Zn coating was cracked and in-

homogeneously deposited (Figure 6.2 g-h). The samples treated with 1M solution as shown in 

Figure 6.2 (i-l) consists of homogenous and evenly deposited Zn layer on the sample surface, 

moreover hexagonal shaped Zn crystals were observed [345].  
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Increasing the applied voltage led to the formation of thicker Zn layer. For instance, the Zn 

coating at -1.2V was about 1 µm thick, while increasing the voltage to -1.3 V showed a Zn 

deposition around 2.5-3 µm thickness. In case of higher voltage -1.4V and -1.6V the deposited 

layer thickness increased to 5-6 µm. The EDS analysis (Figure 6.5 d) showed presence of Zn 

in high concentration with no traces of sulfur and oxygen on the deposited layer. The results 

from potentiostatic electrodeposition of Zn indicated the influence of voltage on the thickness 

of the Zn deposition and influence of solution concentration on the coverage of the Zn on the 

sample surface. The samples electrodeposited with 1M of ZnSO4.7H2O showed homogeneous 

sample coverage and thick Zn layer due to higher concentration of Zn in the solution. As the 

solution concentration reduces to 0.5M - 0.1M the deposition of Zn layer on the sample surface 

reduces. In the case of 1M of ZnSO4.7H2O solution, at applied potential of -1.2V, the formation 

of Zn grains is observed exhibiting presence of small crystals on the surface. While at -1.3V 

the layer consists of bigger Zn crystals due to higher Zn diffusion in this region of voltage. 

Increasing the voltage further shifts the deposition to region with hydrogen evolution (due to 

splitting of water). Thus, Zn layer was observed to be irregular and with traces of oxygen. The 

results from the electrodeposition studies show ideal electrodeposition parameters with 1M 

ZnSO4.7H2O solution at -1.3V for 60 sec.  

 

Figure 6.2. SEM images of Zn electrodeposited samples for 60 sec with varying ZnSO4.7H2O 

solution concentration and potential.  

 

Further investigation was performed using -1.3 V and 1 M ZnSO4.7H2O solution to underline 

influence of deposition time on the thickness and coverage of the deposited Zn layer. As shown 

in Figure 6.3 (a-e), increasing the deposition time from 7 sec to 30 sec resulted in full coverage 
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of Zn layer on the surface with about 1.5 µm layer thickness. Whereas, at 60 sec the layer 

thickness increased to about 3 µm in Figure 6.3 (f), with further increase in deposition time the 

layer thickness increased to about 5 µm which was relatively bulky and difficult to adhered to 

the substrate. Hence, after careful investigation of deposition parameter, the selected 

electrodeposition parameter was -1.3V for 60 sec using 1 M of ZnSO4.7H2O solution, hereafter 

names as Zn-ED.  

 

Figure 6.3. SEM images of Zn electrodeposited samples at -1.3 V for (a) 7 sec, (b) 15 sec, (c) 

30 sec, (d) 60 sec, (e) 120 sec, (f) cross section of 60 sec. deposited samples. 

 

3.2. Heat treatment of electrodeposited zinc  

The Zn coated samples were subjected to a heat treatment procedure at 300 °C for 24 h in an 

inert atmosphere to initiate the diffusion of Zn with Cu. The electrodeposited Zn samples and 

heat treated Zn samples were analyzed using XRD technique. Hereafter the heat treated sample 

will be named as Zn-ED-HT. Figure 6.4 shows the XRD pattern on Zn electrodeposited sample 

and heat treated sample. The XRD peak of Zn-ED sample indicates presence of pure Zn (004-

0831) on the samples while after heat treatment phases corresponding to CuZn5 (035-1152), 

CuZn2 (039-0400) and TiZr (03-065-9625) along with pure Zn (004-0831) were confirmed 

[346,347].  
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Figure 6.4. XRD of Zn electrodeposited samples and heat-treated samples.  

 

Further analysis of the samples using SEM and EDS (Figure 6.5 a-d) revealed that after the 

heat treatment the morphology of the samples were altered whereas the chemical composition 

of the Zn electrodeposited surface was similar in EDS surface analysis. Additionally, no 

evident oxygen contamination was observed on Zn-ED-HT sample.  
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Figure 6.5. (a) SEM and (b) EDS of Zn heat treated Zn-ED-HT samples, (c) and (d) SEM and 

EDS of Zn electrodeposited Zn-ED samples. 

 

EDS color map was recorded on the cross section of Zn-ED-HT sample, it is worth mentioning 

that all the elements in the alloy were detected but only prominent elements such as Ti, Zn and 

Cu is shown in here (Figure 6.6 a). It is possible to appreciate the enrichment of Cu in the Zn 

layer which is about 1.4 µm. It is also possible to see presence of Ti in the Zn layer which hints 

towards formation of a surface rich in Ti due to diffusion of Cu with Zn layer. The EDS analysis 

was performed using a line scan on the sample (ribbon to Zn layer) (Figure 6.6 b).  

The EDS profile from ribbon sample to Zn layer shows evident signals corresponding to Ti 

(red), Cu (pink) and Zn (gold). There is a plateau of Ti and Cu on the left side (ribbon sample) 

similarly a Zn plateau is seen on the right side. The signals show a gradual reduction such as 

Zn peak, which reduces near the left side similarly Ti and Cu signal reduces in the right side. 

This confirms the presence of a diffusion layer resulting from the heat treatment process.  
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Figure 6.6. (a) EDS cross-sectional color map and (b) EDS line scan of Zn-ED-HT sample.  
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3.3. Selective etching 

The Zn-ED-HT samples were etched in a solution of ammonium hydroxide and hydrogen 

peroxide for 5 and 10 min to selectively dissolve Zn and Cu-Zn based phases from the sample 

surface. The recovered etched sample after 5 and 10 min were named as SE-5 min and SE-10 

min respectively. The two etched samples showed presence of porous microstructure (Figure 

6.7 a-d). In case of SE-5 min sample surface showed residual Zn on the surface with appearance 

of clogged pores while SE-10 sample surface was porous with no residual Zn. The average 

ligament size of SE-10 min was about 10 nm (n=30). 

 

Figure 6.7. FESEM images of sample etched with ammonium hydroxide and hydrogen 

peroxide after (a-b) 5 min and (c-d) 10 min.  

 

Further SE-10 min sample was analyzed using EDS to measure the chemical composition of 

the sample surface. Table 6.1 shows that the etched sample were free from Zn on the surface 

(Figure 6.8 a) and the chemical composition was similar to the nominal composition of as-

quenched ribbon sample. The XRD of as-quenched ribbon and Zn-ED-HT-SE-10 min sample 

showed broad peak representative of amorphous structure (Figure 6.8 b). This confirms the 

amorphous structure of the ribbon sample after the treatment.  

The penetration depth of the two techniques, namely XRD and EDS, is limited to a few microns 

or tens of microns [348,349]. However, the anticipated thickness of the np-Ti layer is in the 

order of a few nanometers. Consequently, using these techniques alone may not enable the 
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differentiation of surface structure properties from those of the bulk material. To address this 

limitation and gain a more comprehensive understanding, further in-depth studies are 

imperative. Techniques such as transmission electron microscopy (TEM), selected area 

electron diffraction (SAED), and X-ray photoelectron spectroscopy (XPS) should be 

employed. These methods offer higher resolution and sensitivity, allowing for a detailed 

examination of the surface characteristics and providing insights into the properties of the thin 

Ti np layer. 

 

Table 6.1. EDS of sample etched in ammonium hydroxide and hydrogen peroxide for 10 min 

(n=7).   

Concentration (at %) Ti Fe Cu Zr Ag Sn 

Nominal Composition 40 3 40 11 3 3 

Zn-ED-HT-SE - 10 

min 

40.7 ± 

0.1 

3.0 ± 

0.0 

39.7 ± 

0.4 

10.3 ± 

0.3 

3.1 ± 

0.1 

2.9 ± 

0.0 

 

 

Figure 6.8. (a) EDS analysis of sample etched for 10 min (b) XRD of as-quenched ribbon and 

Zn-ED-HT-SE-10 min sample. 
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Conclusion 

Solid state diffusion treatment was studied using electrodeposition of pure Zn on an amorphous 

ribbon. The parameters used were -1.3V for 60 sec using 1M of ZnSO4.7H2O solution. The 

samples with heat treatment at 300°C for 24 h resulted in formation of diffusion layer rich in 

Cu-Zn phases such as CuZn5 and CuZn2. The samples were successfully etched using a solution 

of ammonium hydroxide and hydrogen peroxide for 10 min to recover nanostructured and Cu 

depleted sample surface. This study presents the possibility of using Zn for solid state selective 

element dissolution of Cu from Ti-Cu based amorphous alloy.  
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Chapter VII 

SUMMARY AND OUTLOOK  
 

The culmination of extensive research in the dissertation reveals groundbreaking insights into 

the Ti40Cu40Zr11Fe3Sn3Ag3 composition, showcasing promising Glass-Forming Ability (GFA) 

with fully amorphous ribbon formation. This dissertation showcases a series of transformative 

studies, each exploring distinct dealloying techniques on this amorphous alloy, offering 

significant contributions to development of efficient biomaterials. 

Nitric Acid Chemical Dealloying (CD): The exploration of dealloying using 14.6 M nitric 

acid at 70 °C for 72 hours demonstrated improved properties of the amorphous ribbon, 

enhancing the ROS activity. The sample produced from the treatment named etched 72-h 

displayed increased cell proliferation and differentiation response, coupled with limited and 

non-harmful Cu ion release. This technique exhibits promise in achieving enhanced 

biocompatible properties for potential implantable materials. 

Ammonia-Based Chemical Dealloying (CD): The breakthrough in ammonia-based 

dealloying, represents a major achievement. The surface modification of amorphous ribbon led 

to the formation of finer porosities and ligaments, showcasing the controllability of this method 

additionally controlled Cu etching, morphological variations were achieved by changing 

process parameters such as immersion time, stirring the solution and solution concentration. In 

particular, DS-60min-NS (DS, 5:1:4 volume ratio of NH4OH, H2O2, H2O, for 60 min in non-

stirred condition) sample surface exhibited hydrophilic interaction, enhancing the reactive 

oxygen species (ROS) production, promising hemocompatibility, cytocompatibility (Soas-2 

and HOb cells), and demonstrated efficacy against Pseudomonas aeruginosa bacteria adhesion 

and biofilm formation. DS-60min-NS, exhibits significant promise in combating bacteria 

adhesion and biofilm formation without compromising cytocompatibility.  

Electrochemical Dealloying (ECD): The innovative electrochemical surface treatment 

strategy utilizing 5 M nitric acid at 60°C for 1 hour at (0.75, 1, 1.25 V) resulted in the successful 

generation of Cu-depleted nanostructured oxide surfaces. Maintaining the pseudo-passive 

potential range was crucial for achieving the desired np structure. Notably, the process provided 

insights into tailoring surface characteristics, offering potential applications in diverse fields. 

Solid-State Dealloying (SSD): The study introduced the possibility of using zinc for solid-

state selective element dissolution, presenting a novel approach to dealloying. The 

electrodeposition of pure zinc on an amorphous ribbon, followed by heat treatment at 300 °C 

for 24 hours, resulted in a diffusion layer rich in Cu-Zn phases. The recovery of nanostructured 

and Cu-depleted surfaces after etching in a solution of 1:1 vol ration of NH4OH, H2O2 for 10 

min presents an intriguing avenue for further exploration. 



Kirti Tiwari, UNITO 

 

150 

 

A groundbreaking patent has been filed, centered around the innovative ammonia-based 

dealloying solution. This patented solution has demonstrated remarkable efficacy, particularly 

in the treatment of the Ti40Cu40Zr11Fe3Sn3Ag3 alloy. This ammonia-based treatment extends 

beyond amorphous ribbon, ESR 14: Yohan Douest in BIOREMIA, at Anthogyr SAS during 

his research collaboration at UNITO, performed successful etching of Ti40Zr10Cu36Pd14 bulk 

metallic glass plates and rods, offering promising results in terms of corrosion resistance, 

hemocompatibility and cytocompatibility. Notably, the modified surfaces exhibit unique 

topographical features and altered chemical compositions with surface layer rich on Pd-oxide. 

This collaborative venture signifies a strategic partnership between the University of Torino 

and Anthogyr SAS, France, a dental implant company in exploring the unique potential of 

ammonia-based treatment on dental alloys. The patent filing underscores the significant 

advancements achieved in surface modification techniques and their potential transformative 

impact on the field of biomaterials. 

While the achieved results present promising avenues, the outlook emphasizes the need for in-

depth investigations to fully comprehend the potential biomedical applications of dealloyed 

samples. The variations in morphology with changing solution concentrations and the extent 

of Cu depletion require atomistic-level evaluation, potentially through computational models. 

Further exploration is necessary to understand the long-term effects, cell differentiation, 

beyond the initial three-day period and antibacterial studies using other bacteria strains. Each 

dealloying technique such as CD, ECD and SSD demands analysis for understanding their 

potential biomedical applications of the modified surfaces which involves:  

1. Comprehensive assessment of corrosion properties, cytocompatibility and antibacterial 

properties of samples produced through various dealloying techniques. 

2. Nitric acid dealloyed samples and ammonia-based dealloyed samples require cell 

studies with extended incubation and cell differentiation assessments for long-term 

cytocompatibility studies. Assessment of antibacterial activity using different strains of 

bacteria. 

3. Electrochemical dealloyed samples require further in-depth characterization of surface 

layer, wettability, and AFM of np structures along with biocompatibility tests. 

4. Solid-state dealloyed samples require investigation of surface layer through HR-TEM, 

SAED, and XPS for analysis of surface property for a comprehensive understanding of 

the surface composition. 

 

Overall, this dissertation highlights the efficacy of various dealloying techniques in tailoring 

surface characteristics. This research represents a significant stride toward innovative 

biomaterials, setting the stage for impactful advancements in the biomedical field. 
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