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Abstract 

Biomedical high-entropy alloys (bio-HEAs) represent a promising class of materials for 

biomedical applications due to their combination of excellent biocompatibility, corrosion resistance, 

and distinctive mechanical properties. However, owing to their typically complex compositions it is 

difficult to assign specific properties to specific elemental components ² and thus to make 

comprehensible adjustments. The aim of this work is to address this challenge by examining a 

simplified ternary alloy system composed of the biocompatible elements Ta, Nb, and Ti ² referred to 

as TNT-type alloys ² across defined compositions and establish a fundamental understanding of the 

system as a basis for future alloying strategies. The compositions Ta-Nb-xTi 

(x = 10, 33.3, 50, 70 at. %) were chosen for the examinations to not only analyse the equimolar 

composition per se, but also to investigate the influence of titanium variations on the alloy properties. 

Preliminary thermodynamic calculations based on the binary compositions, the principles of HEAs, 

as well as Ti-alloys were all in good agreement and predicted the theoretical formation of a single-

phase microstructure for all compositions. Subsequently, the alloys were synthesised by arc melting, 

which resulted in pronounced dendritic microstructures. Through a following heat treatment study, 

the parameters for a complete homogenisation of all compositions and thus single-phase body-

centred cubic (bcc) microstructure were obtained. The microstructural evolution was characterised 

and validated using optical microscopy, scanning electron microscopy (SEM) and X-ray diffraction 

analysis (XRD) techniques. The characterisation of the samples surfaces by means of confocal 

microscopy after metallographic preparation yielded comparable (smooth) surfaces to reference 

samples of pure Ta, Nb and Ti, as well as alloy Ti-6Al-4V (TAV), which was a favourable starting point 

for the subsequent biocompatibility trials. Moreover, the mechanical properties of the TNT-type alloys 

were evaluated through hardness testing, room-temperature compression, and 3-point bending on 

microsamples and compared to the reference alloy TAV. While all alloys showed pronounced plastic 

deformability, the results indicated a strong correlation between the mechanical characteristics, the 

Ti-content and the homogenisation conditions. Furthermore, all alloys exhibited greater elastic 

deformability and lower flexural moduli than the reference alloy, with the equimolar Ta-Nb-Ti 

composition showing the most balanced combination of hardness, flexural strength and compressive 

properties. In addition, a biocompatibility assessment consisting of an MM6 inflammatory reaction 

test and an osteoblast (SaOs-2) attachment and subsequent mineralisation assay was performed, 

which showed comparable results to the established TAV reference thus indicating no negative 

influence of the TNT-type alloys on the overall biocompatibility. Furthermore, the antibacterial 

capacity of the alloys was assessed via E. coli and S. capitis bacteria in vitro, generally demonstrating 

composition-dependent anti-adhesive properties against both types of bacteria. In a next step, the 

S. capitis trials were transferred to a G.mellonella larvae model in vivo and the previous results could 

be confirmed by reduced mortality rate of larvae compared to the reference TAV. Finally, basic 

electrochemical investigations by means of potentiostatic measurements were performed in order 

to gain an initial impression of the corrosion behaviour of the TNT-type alloy compositions examined 

and thus be able to draw conclusions about their biocompatible and anti-adhesive performance.  



  

 

 

Kurzfassung 

Biomedizinische Hochentropielegierungen (Bio-HEAs) sind aufgrund ihrer exzellenten 

Biokompatibilität, Korrosionsbeständigkeit und mechanischen Eigenschaften eine attraktive 

Materialklasse für biomedizinische Anwendungen. Die meist komplexen 

Legierungszusammensetzungen dieser Werkstoffe erschweren jedoch die eindeutige Zuordnung 

spezifischer Eigenschaften zu einzelnen Legierungselementen und damit eine gezielte 

Legierungsanpassung. Das Ziel der vorliegenden Arbeit ist es, an dieser Stelle anzusetzen und ein 

vereinfachtes ternäres Legierungssystem aus den biokompatiblen Elementen Ta, Nb und Ti (TNT-

type Alloys) in definierten Zusammensetzungen zu untersuchen, um ein grundlegendes Verständnis 

des Legierungssystems zu schaffen, bevor es um weitere Elemente erweitert wird. Die 

Zusammensetzungen Ta-Nb-xTi (x = 10, 33,3, 50, 70 at. %) wurden gewählt, um nicht nur die 

äquimolare Zusammensetzung zu analysieren, sondern auch den Einfluss von Ti-Variationen auf die 

Legierungseigenschaften zu untersuchen. Thermodynamische Berechnungen der Legierungen ² 

basierend auf den binären Systemen, HEA-Prinzipien und Ti-Legierungen ² stimmten gut überein 

und prognostizierten für alle Zusammensetzungen die Bildung einer einphasigen Mikrostruktur. Im 

Folgenden wurde dies experimentell verifiziert durch eine Synthetisierung der Legierungen mittels 

Lichtbogenschmelzverfahren. Die ausgeprägten dendritischen Mikrostrukturen nach dem 

Schmelzprozess konnten durch eine anschließende Wärmebehandlungsstudie erfolgreich in einen 

vollständig homogenisierten, kubisch-raumzentrierten (krz) Mischkristall überführt werden. Die 

mikrostrukturelle Entwicklung wurde mittels Lichtmikroskopie, Rasterelektronenmikroskopie (REM) 

und Röntgendiffraktometrie (XRD) charakterisiert und validiert. Die Charakterisierung der TNT-type 

alloy Probenoberflächen mittels Konfokalmikroskopie nach metallographischer Präparation zeigte 

vergleichbar glatte Oberflächen zu Referenzproben aus reinem Ta, Nb, Ti sowie der 

Referenzlegierung Ti-6Al-4V (TAV), was einen günstigen Ausgangspunkt für nachfolgende 

Biokompatibilitätstests darstellte. Die mechanischen Eigenschaften der TNT-type Alloys wurden 

durch Härteprüfung, Raumtemperatur-Druckversuche und 3-Punkt-Biegung an Mikroproben 

evaluiert und mit TAV verglichen. Grundsätzlich zeigten alle Legierungen ausgeprägte plastische 

Verformbarkeit, wobei die Ergebnisse auf eine starke Korrelation zwischen den mechanischen 

Kennwerten, dem Ti-gehalt sowie dem Wärmebehandlungszustand schließen ließen. Zudem zeigten 

alle Legierungen höhere elastische Verformbarkeit und niedrigere Biegemoduln als TAV auf, wobei 

die equimolare Ta-Nb-Ti-Zusammensetzung die ausgewogenste Kombination von Härte, 

Biegefestigkeit und Druckeigenschaften aufwies. Die Biokompatibilität der Legierungen wurde mittels 

MM6-Entzündungsassay und Osteoblasten (SaOs-2) Besiedlungs- und Mineralisationsversuchen 

untersucht, welche vergleichbare Ergebnisse zur etablierten Referenz TAV lieferten und somit keinen 

Hinweis auf einen negativen Effekt der TNT-type Alloys geben. Die antibakterielle Kapazität der 

Legierungen wurde mittels E. coli und S. capitis in vitro untersucht und zeigte generell 

zusammensetzungsabhängige anti-adhäsive Eigenschaften gegen beide Bakterientypen. Die S. 

capitis-Versuche wurden auf ein G. mellonella-Larvenmodell in vivo übertragen, wobei die Ergebnisse 

durch reduzierte Mortalitätsraten im Vergleich zu TAV bestätigt wurden. Abschließend wurden 

grundlegende elektrochemische Untersuchungen mittels potentiostatischer Messungen 

durchgeführt, um einen ersten Eindruck vom Korrosionsverhalten der untersuchten 

Legierungszusammensetzungen zu gewinnen und so Rückschlüsse auf ihre biokompatible und anti-

adhäsive Performance ziehen zu können. 
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EDM  Electric discharge machining 

SEM  Scanning electron microscope 
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EBSD  Electron backscatter diffraction 
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BSE  Back-scattered electrons 

EDS  Energy dispersive spectroscopy 

XRD  X-ray diffraction analysis 
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Rz  Surface roughness ² 2D Maximum height (peak-to-valley) [nm] 
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ʀ  Strain rate [mmÖs-1] 
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w  Sample width (bending beam) [mm] 
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ƺb  Flexural stress [MPa] 
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1 Introduction, motivation and aim of the work presented 

Shifts in population structure are undoubtedly among the most significant challenges humanity 

will face in the coming decades. Per definition, demographic change is referred to as alteration in 

the composition of the population due to birth rate, death rate, immigration, emigration, etc., with 

regard to the age structure1. In Germany, this change is significantly characterised by a declining 

birth rate with a simultaneously increasing death rate in the 1970s, basically leading to a dependency 

on young immigrants to prevent population aging since then1. In reality, even though a rejuvenation 

in certain age groups has occurred since 2010 ² mostly due to a higher number of immigrants ² and 

also a slight increase in recent birth rates (from 1.41 in 2012 to 1.58 in 2021) can be obtained, the 

main issue still exists2,3. Furthermore, when looking at statistics (cf. the ageing report 20214), it 

becomes even more evident that this ­compensation® does not work in the long term. The main 

reason for this is the increasing life expectancy of humans, leading to a larger proportion of older 

population groups ² especially > 70 years. Figure 1-1 clearly demonstrates the development in terms 

of the aforementioned shift in a prognosis from 2019 to 2070. To illustrate the key aspects: According 

to the statistic, the approximate number of people (male and female) in age group 85-89 is expected 

to double, while the number of people in age group 90+ is expected to triple over the next 50 years.  

This present and upcoming change of demographic structures is in good agreement with the 

increasing statistical development of medical interventions in general5. In particular operations such 

as the implantation of artificial knee and hip prostheses are amongst the most common orthopaedic 

procedures in Germany (e.g. 172011 knee prosthesis implantations in 20216) and a further increase 

in implantations is to be expected.  

 

Figure 1-1: Prognosis on the development of aging structures between 2019 and 2070 4. 

The idea of restoring or even improving the mobility, vitality and overall quality of life of many 

patients trough surgical implantation has existed for a long time and a variety of metallic implants 

and products have been invented and developed over the years. To give a short glimpse: One of the 
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first applications of a metallic material in the human body was the fixation of a broken Humerus 

(upper arm bone), done by two French physicists in 17757 and subsequent investigations have been 

carried out since then. More thorough research on several potential metallic implant materials 

(Magnesium, precious metals, Titanium, etc.) was conducted especially in the late 19th and early 20th 

century, also propelled by World War 2 and the resulting numbers of wounded soldiers, however, 

more in-depth lecture about the historic background can be found elsewhere8,9. More advanced 

metallic materials, such as biomedical steels, Ti-alloys and Cobalt based alloys were implemented 

subsequently, often derived from alloying systems that weren®t originally developed or intended for 

endoprosthetic implantation purposes. Examples are Cr-Ni stainless steels from plant engineering or 

similar (e.g. V2A steel), Co-Cr-Mo alloys (e.g. Vitallium®), originating from dental implants, as well 

as Ti alloys (e.g. Ti-6Al-4V ² or TAV, as it will be denoted from here on due to its frequent mention), 

developed for aerospace applications9,10. A corresponding overview of some distinct applications of 

implants within the human body is displayed in Figure 1-2, whereas the most commonly used types 

of modern metallic materials and alloys used for implantation purposed are listed in Table 1-1. 

 

Figure 1-2: Areas of application for metallic implants, reconstructed from the literature11,12. 

In general, the materials from which these devices are made have to meet several criteria that 

can be divided into three main groups: Overall biocompatibility, corrosion resistance and adequate 

mechanical properties. The main criterion, the biocompatibility, can be nicely defined by a statement 

of Prof. D. Williams13 as the ability of a material to coexist with tissue, without causing an 

unacceptable degree of harm to it. Without meeting this general requirement, a material is not 

suitable for further development in a biomedical sense. The corrosion resistance stands, so to say, 

between the mechanical characteristics and the biocompatibility. First, a protective oxidation layer on 

the materials surface is mandatory to prevent the release of harmful particles thus interfering with 

the surrounding tissue14. Second, the mechanical properties of the component could be 

compromised by corrosive damage in the long run15. The mechanical properties of potential 

biomedical materials play an important role with regard to the life span of an implant as well as the 

patient®s well-being and therefore have to be tailored to meet the demands of the desired 

applications16. A tangible example thereof is the implant stiffness, which ideally should not be 
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significantly greater than that of the surrounding bone to prevent degeneration of the latter17 - This 

point is taken up again and described in more detail below. 

Table 1-1: Overview of several state-of-the-art metallic biomedical materials and their application, summarised 8,9,18,19. 

Material Group Alloys Application examples 

Stainless steel 

316L, Rex 734TM, 

22-13-5TM, 

BioDur® 108 

(Fracture) fixations, guidewires, 

clips, dental inlays, surgical 

instruments 

Titanium based alloys 

Commercially pure Ti* 

Ti grade 4, 

TAV#, 

Ti-6Al-7Nb, 

TiNb 

Joint replacements, dental 

replacements, spinal disc 

replacements, cardiovascular 

implants 

Cobalt based alloys 

Co-Cr-Mo (cast), 

Co-Cr-Mo (wrought), 

Co-Cr-W-Ni, 

Co-Ni-Cr-Mo 

Joint replacements, joint sockets, 

bone fixations, wires, surgical 

instruments 

Others 

Nitinol (shape memory alloy) 
Stents, staples, plates, wires, 

spacers 

Au, 

Au-Cu-Ag, 

Au-Pt-Pd 

Mostly dentistry related applications 

(inlays, crowns, fillings) 

Pt-alloys 
Electrodes, guide wire marker 

bands 

Ta Porous structures, wires, plates 
 

* = Also referred to as cpTi or ASTM grade 1 

# = Also referred to as ASTM grade 5 

 

However, even though modern implants fulfil most of the abovementioned criteria and may well 

have a service life between 15 and 20 years ² depending on several factors such as patient age, 

gender and of course overall fitness20 ² there is always a remaining risk of implant failure. These 

failures often originate from periprosthetic joint inflammation, implant instability, aseptic loosening 

and material-related implant failure21,22, leading to a revision ratio of about 5 % within the first 10 

years of implantation ² again, depending on the patients® condition and age15. To summarise, it can 

therefore be said that there is certainly room for improvement towards modern biomedical alloys, 

demonstrating improved mechanical, corrosive and inflammatory characteristics.  
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A novel and innovative approach to tackle a variety of the issues present are so called ­multi-

component alloys®. These predominantly single-phased material systems possess unique 

thermodynamic characteristics that can lead to a variety of outstanding mechanical and chemical 

properties, making them highly attractive candidates for future biomedical applications23²25. 

The overall objective of this thesis is to elucidate the microstructure evolution and resulting 

properties of a novel Ta-Nb-Ti based multi-component alloying system regarding its utilisation in 

biomedical applications ² e.g. endoprosthetic implants or similar, as this has been scarcely 

researched and published to date. The material scientific examinations begin with fundamental ­phase 

diagram work®, i.e. thermodynamic considerations concerning phase stability and solubility of 

different alloying compositions, which are then extended with calculations derived from high-entropy 

alloys, as well as Ʃ-titanium alloys26²30. The formation of a single-phase microstructure is particularly 

important in this matter, as it represents a unique starting point in terms of mechanical properties 

and further adaptations. Subsequently, alloying and heat treatment experiments are performed and 

compared to the initial theoretical considerations. The latter are particularly emphasised here as the 

refractory elements used in the investigations have a rather diffusion-retentive character, thus being 

present in inhomogeneous compositions after the primary manufacturing process (i.e. vacuum arc 

melting). Following, the developed microstructures and metallographically prepared surfaces of the 

selected alloys are characterised and compared using microscopy and X-ray diffraction methods. 

While this is not only experimental verification of the thermodynamic calculations and ­control® of the 

melting and annealing processes, surface analysis is also crucial to ensure comparability of the 

subsequent biocompatibility trials. The mechanical properties of the alloys produced are examined 

by means of hardness testing, unidirectional compression testing and 3-point bending testing on 

micro beams in the as-cast (AC) state ² to generate an initial estimate ² and in the as-homogenised 

(AH) state ² as actual behaviour of the homogenised composition. The comparison is also used to 

monitor the influence of different alloying compositions on the mechanical properties both in the AC 

and the AH condition. Moreover, grain specific hardness analysis and defined plastic flexural 

deformation experiments in combination with subsequent electron backscatter diffraction (EBSD) 

analysis are implemented to examine the specific deformation behaviour more thoroughly.  

The second part of the thesis is devoted to the biocompatibility and bacterial adhesion behaviour 

of the materials examined. In order to generate an overview of potential foreign-body reactions and 

their severity, a monocyte inflammatory assay was performed, which allows quantification of pro-

inflammatory cytokines and is therefore an indicator of cell stress. Another critical property of 

potential implant materials is their interaction with bone-forming cells and subsequent ossification, 

which were examined in human osteoblast-like (SaOs-2) cell attachment trials and mineralisation 

experiments. To evaluate the antibacterial properties of the novel materials, a two-step assessment 

strategy was applied. First, in vitro (outside of living organism) adhesion experiments using 

Escherichia coli and Staphylococcus capitis were conducted to quantify initial bacterial attachment 

and early biofilm-forming potential on the material surfaces. Second, to extend the analysis beyond 

purely in vitro conditions, the materials were subsequently tested in a Galleria mellonella larvae 

infection model, providing an accessible and ethically favourable in vivo (within living organism) 

system. The electrochemical investigations on the baseline alloy TNT carried out at the end of the 

process round off the assessment of the novel alloys by providing fundamental insights into their 

corrosion perfromance and allowing first conclusions to be drawn on connections between their 

passivation behaviour and its influence on anti-adhesive properties towards bacteria.
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2 An introduction to biocompatibility investigations 

2.1 Overview of key evaluation methods for materials 

 Before delving into the specifics of material development, the next section sets the stage by 

providing a concise overview of key strategies used to assess the biocompatibility of materials ² an 

essential step in evaluating their potential for biomedical and related applications. The focus here lies 

on the methods which have been implemented in the course of the presented thesis. In order to 

adequately clarify the term biocompatibility ² and thus also its specific use in the following ² the 

classification after Schenk31 as displayed in Table 2-1 is firstly referred to. Herein, bone implants are 

categorised according to their general behaviour within the host. Essentially, this breakdown can be 

divided in either harmful (incompatibility), harmless (biocompatibility) or positive (bioinert, bioactive) 

behaviour. As the term biocompatibility can be easily distinguished from negative properties but does 

not necessarily exclude possible positive features ² e.g. a certain degree of bioactivity or similar ² it 

is used as generic expression for all fundamentally beneficial properties of biomedical materials. This 

also seems to be in good agreement with the use of the term in corresponding literature13.  

The basic framework of biocompatibility testing can be derived from the DIN EN ISO 10993 

­Biological evaluation of medical devices® series, which covers numerous aspects and methods in its 

23 standards. Despite documenting the development of an alloying system for potential biomedical 

applications, it must be emphasised at this point that the considerations addressed here are still 

fundamentally oriented research, which occasionally leads to difficulties in compatibility with the 

standard, hence leading to a more guideline-oriented approach instead of fulfilling all criteria. The 

relevant background information for the assessment performed in this work will be presented in the 

subsequent paragraphs and linked to the corresponding sections in the European standard. 

Table 2-1: Degrees of compatibility of bone implants after Schenk31. 

 

Incompatible 
 

Release of toxic substances or antigens causing allergic reactions and the 

general evocation of foreign body reactions, inflammations, necrosis, rejection 

or similar 

Biocompatible Release of substances in non-toxic concentrations that can either be 

encapsulated in connective tissue or cause only weak foreign body reactions 

Bioinert No release of toxic substances 

Bioactive Positive interaction with tissue differentiation thus leading to adhesion of bone 

on the implant surface 

Inductive Induction of heterotopic bone formation 

Conductive Material serves as framework for bone deposition, however, only in an 

osteogenic environment 
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Figure 2-1: Systematic workflow for the assessment of biomedical products after the European standard ISO 10933-132. 
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2.1.1 Basic considerations 

A fully comprehensive biocompatibility essay is rather complex, involves numerous steps and 

is accordingly time-consuming (cf. the schematic workflow in Figure 2-1). According to EN ISO 

10993-132 , the first considerations are related to the overall shape, production and composition of 

the medical product (e.g. the chemical composition, materials used in the production process, 

packaging materials, dissolvable components, degradation products, physical properties).  

The chemical characterisation in accordance with EN ISO 10993-1833 is particularly important 

for new material developments. Furthermore, the testing strategies must be planned based on the 

intended use of the product ² i.e. within the body, without contact to the body, in contact with certain 

types of tissue ² and can vary strongly depending on whether the material itself (e.g. cp-Ti) or similar 

compositions of it (e.g. different types of Ti-alloys) are already rated for medical devices, or is 

completely novel.  

To narrow down the scope of the testing ² as it would be unpractical and often unnecessary to 

carry out every possible test variant and method ² the standard32 stipulates the following: all biological 

hazards associated specifically with the planned application should be tested and verified by either 

in vitro ² test of specific parameters with isolated cells or similar outside of a living organism ² or 

in vivo ² test within the living organism i.e. the patient ² experiments, subsequently9. The different 

types of hazards are associated with so called ­biological endpoints® that must be implemented in a 

biocompatibility assessment and can be used as a kind of application-specific checklist. These 

endpoints include physical and chemical information, cytotoxicity, sensitisation, irritation or 

intracutaneous reactivity, material-related pyrogenicity, acute systemic toxicity, subacute toxicity, 

subchronic toxicity, chronic toxicity, implantation effects, haemocompatibility, genotoxicity, 

carcinogenicity, reproductive or developmental toxicity and the degradation 32.  

Altogether, a materials biocompatibility assessment follows a multi-stage approach, consisting 

of 1.) physical and chemical characterisation, 2.) in vitro investigations and 3.) animal testing, 

whereby the last step should only be carried out if not enough information could be generated 

beforehand. 

2.1.2 Cell compatibility tests 

A common initial approach to assess the biocompatibility of a novel material is to investigate 

the interactions between different cell types and the materials surface. Detailed guidelines thereof 

can be found in EN ISO 10993-5 (tests for in vitro cytotoxicity)34.  

In general, the investigations must take place in an adequate laboratory environment, where 

both specific samples of the material to be tested and blank samples (in accordance with EN ISO 

10993-1235) are first prepared and then brought into contact with the corresponding cells. Common 

cell types for this are bone-forming cells (osteoblasts), either derived from human cell lines or from 

animals, and connective tissue cells (fibroblasts), however, the standard recommends the use of 

established cell lines34,36,37. The procedure usually consists of several basic steps starting with the 

seeding of the cells on the materials surface (establishing contact), cultivating the cells over a certain 

period of time, subsequently fixating the cells (freeze the state after a defined cultivation period), 
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cleaning of the surface and staining of the cells and, finally, analysing the stained cells (e.g. amount, 

size, shape)38,39. 

Another method to obtain information about a materials compatibility within a living system is 

to analyse inflammatory markers (cytokines). Cytokines are small signaling proteins released by cells 

that play a crucial role in regulating the immune response and inflammation. They act as messengers 

between cells, coordinating the body's defence mechanisms against infections and injuries40. As a 

result, the type and quantity of cytokines released can be measured and used as an indicator of the 

stress (i.e. the inflammation) caused by a tissue foreign body reaction. Common techniques to 

perform an inflammatory assay include enzyme-linked immunosorbent assay (ELISA), cytokine bead 

arrays, or PCR-based (polymerase chain reaction) methods41. Key cytokines often measured in these 

assays include TNF-ƨ (Tumor Necrosis Factor-alpha), IL-1Ʃ (Interleukin-1 beta), IL-6, and IL-8, which 

are all involved in initiating and regulating inflammation41²43. To summarise simply, a low level of 

inflammatory markers indicates better cell compatibility and overall organism tolerance. 

2.1.3 Osteogenesis assay 

Besides the simple adhesion and proliferation of osteoblasts on a sample surface, the actual 

bone formation (osteogenesis44) plays a decisive role in the characterisation of new biomedical 

materials. The formation of bone is a complex, multi-stage process, consisting of further proliferation 

of attached osteoblast cells, deposition of a collagen matrix, mineralisation of said matrix and finally 

replacing the cartilage with bone, according to MH Lafage-Proust45. The latter steps ² the conversion 

of connective tissue into bone, in particular ² of osteogenesis are also referred to as ossification45. 

This process is essential for a subsequent osseointegration ² i.e. a direct structural and functional 

bonding between living bone and the surface of an implant in vivo46 ² and can be carried out as an 

adequate laboratory test on novel materials.  

In the respective assay, human osteoblast-like cells (Saos-2) are cultivated and seeded on the 

surfaces to be tested47. Subsequently, the attached cells are treated with osteogenic media, which 

first induces the adhesion and proliferation process and second promotes the mineralisation process 

² after being slightly adjusted towards calcium enrichment48. Finally, the calcification of the cells is 

measured after a defined period (i.e. 10 d), using alizarin red staining48. Albeit simplifying the 

complexity of bone ingrowth in vitro, these osteogenesis experiments provide important results for 

assessing the biocompatibility of new materials and are an important precursor for subsequent 

osseointegration assays within living organisms.  

2.1.4 Anti-adhesive and antibacterial properties 

In contrast to desirable material-organism interactions, such as enhanced cell attachment or 

the promotion of bone ingrowth, a bacterial infection can have severe negative effects. The extent of 

this issue is well reflected in the growing number of periprosthetic joint infections (PJIs), which may 

occur after the implantation of an artificial joint 49. Several studies50,51 show that over 50 % of PJI 

regarding prosthetic hip and knee implants are related to Staphylococci bacteria, such as 

Staphylococcus aureus (S. aureus) or Staphylococcus capitis (S. capits). The origin of these 

infections may be manifold, e.g. patient-related, surgical and postoperative risk factors, however, the 

implant material and the surface quality always play a critical role51,52. The development of new 
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materials with antibacterial ² i.e. killing or slowing down the growth of bacteria or viruses without 

extensively contaminating the surrounding tissue ² or anti-adhesive ² i.e. prevention of adhesion and 

subsequent biofilm formation ² behaviour is important to address these challenges adequately53.  

Preventing the biofilm formation plays a crucial role here, as the bacteria are subsequently 

protected from the immune system by an extracellular polysaccharide (EPS) matrix and can thus 

proliferate and spread, as schematically depicted in Figure 2-254. Since the well-studied Escherichia 

coli (E. coli) bacteria strains also have the ability to form a biofilm, they are often used in standardised 

testing models for novel materials55. Strategies to overcome the attachment of bacteria and prevent 

subsequent biofilm formation include the use of potentially antimicrobial alloying elements, such as 

Ag or Cu, either in the bulk or as coatings55,56. When added to a base material, these elements can 

cause an effect known as nano-galvanic coupling ² i.e. galvanic corrosion between different noble 

materials on a nano scale ² which leads to the release of silver (Ag+) or copper (Cu2+) ions57,58. The 

ions subsequently interact with bacteria through various mechanisms, including destabilisation of 

sulfhydryl groups and intracellular proteins, inhibition of metabolic pathways, and an increase in 

reactive oxygen species (ROS)47. The latter play a particularly important role, as they cause oxidative 

stress (OS) and inflammation in pathogens thus preventing them from adhering to the implants 

surface ² which is nicely described and presented in detail by Alfei et al.59.  

Nevertheless, it must be emphasised here that the OS, caused by released ROS, can also have 

negative effects on the body itself and is associated with diseases such as carcinogenesis, 

atherosclerosis, as well as cardiovascular and neurodegenerative diseases59. Moreover, it has not 

yet been fully clarified which quantities of added silver or copper ² or in which form/ condition ² yield 

the most beneficial results, while not exceeding the threshold for negative effects47. In this context, 

precise control of the release of Ag+, Cu2+ and the associated products is of utmost importance and 

must be handled with particular care, which in turn poses a challenge for manufacturing processes47.  

Besides the possibilities of alloy adjustment through the addition of elements, surface 

modification technologies such as ion implantation, plasma spray technologies, physical or chemical 

vapor deposition (PVD, CVD) and topographic laser patterning are promising methods for creating 

antimicrobial interfaces60,61. 

 

Figure 2-2: Schematic process of bacterial attachment, evolution and spreading, adapted from62. 
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2.1.5 The Galleria mellonella infection model as alternative for in vivo testing strategies 

As already mentioned, in vitro tests can be used to collect and evaluate a wide range of 

biomedical data and are an important cornerstone for obtaining initial results. Among other factors, 

this is due to enhanced control and precision of in vitro methodologies (i.e. good adaptability), the 

reduced ethical circumstances and the excellent cost-effectiveness, compared to other 

techniques63,64. At a certain point, however, the transition from in vitro to in vivo testing is necessary 

in order to obtain information about interactions within the complex biological systems of living 

organisms, which cannot be generated in in vitro studies65. 

The larva of the greater wax moth (Galleria mellonella, G. mellonella in the following) provides 

an excellent opportunity to study host-pathogen interactions, as well as the effectiveness of 

antibacterial materials adequately in vivo66 . Besides being convenient to handle (due to the size of 

12-20 mm) and being comfortable at human body temperature (~ 37 °C), G. mellonella not only 

exhibit similarities to the mammalian immune system (both structural and functional), but also 

produce antimicrobial peptides and show processes like melanisation ² localised melanin production 

as wound healing reaction67 ² and phagocytosis ² cellular process for ingesting and eliminating 

foreign particles68 ² which are critical for combating infections69²71. Furthermore, the use of the G. 

mellonella model is a good example of the application of the ­3Rs® principle (replacement, reduction 

and refinement) towards animal testing, as insect experiments don®t fall under the same guidelines 

and are therefore easier to perform72. 

Over the course of approx. 8 weeks, G. mellonella transition trough the four stages of their 

metamorphosis cycle, which are egg, larva, pupal and adult. whereby the experiments are usually 

carried out in the larval stage (i.e. on the caterpillars)66. Common medical trials involve the 

assessment of antibiotics against various pathogens, toxicity testing and general studies related to 

the immune response of the larvae73. The latter is of particular interest with regard to new implant 

materials and the stress reaction/ inflammation (cf. chapter ­Cell compatibility tests®) within the living 

organism as direct conclusions can be drawn about expected reactions in the human body72. In 

addition, implantation trials utilising G. mellonella can be used to monitor biofilm formation on novel 

biomedical materials in vivo: Studies47,74 have shown that small, sharpened pins can be successfully 

implanted into the larvae and analysed based on either different materials or different bacteria on the 

materials. The results are subsequently evaluated as mortality rate over time in correlation with the 

material or the bacterial strain tested47. Overall, G. mellonella trials provide important preclinical 

results and can be seen as proof-of-concept studies in the development of novel implant materials 

² as well as a comparison to conventionally used materials75. 
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3 Refractory metal-based multi-component alloys, related 

concepts and their role in the development of novel biomedical 

materials 

3.1 Mixing cocktails with chemical elements ² Multi-component alloying 

systems 

The relatively novel materials class of multi-component or high-entropy alloys (HEAs) was 

established by basically two different scientists and their groups at approximately the same time. In 

2004, Jien-Wei Yeh76 and Brian Cantor77 independently published what are considered to be the first 

scientific works on these types of metallic materials. Since then, the topic skyrocketed and has been 

the subject of in-depth research with continuously increasing numbers of publications, which is also 

impressively shown in Figure 3-1. In the following, many fundamental works such as Gao et al. ² 

High-Entropy Alloys. Fundamentals and Applications78, B. Cantor ² Multicomponent high-entropy 

Cantor alloys79, Z. Jiao et al. ² Advanced Multicomponent Alloys: From Fundamentals to Applications80 

² to name only a few, were created, which can be found elsewhere and used as reference literature 

for a deeper understanding of the topic.  

At this point it should also be added that there exists some disagreement in the scientific 

community regarding the nomenclature of multi-component materials. This is primarily due to the 

complexity of some of the metal-physical and thermodynamic backgrounds regarding different alloys 

within the group. B. Cantor79 has taken up this topic nicely and formulated a detailed clarification, 

which I would like to point out. To reduce confusion, the wider definition of multi-component alloys 

is predominantly used in this manuscript, however, due to the prominence and widespread 

acceptance in the field, the terms high-entropy alloys, as well as medium-entropy alloys (MEAs) are 

also used accordingly. The following section, however, shall be used to elucidate the basic principles 

of multi-component materials and give a brief overview of the underlying mechanisms. 

 

Figure 3-1: Publication trends for multi-component materials and high-entropy alloys (2004-2023) based on Scopus 

keyword search data. 
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3.1.1 Basic principles of high-entropy alloys 

The best way to describe the basis of these alloys is by using the two definitions, that were first 

proposed by Yeh in 200681 and can be reproduced as follows: 

 

I  High-Entropy Alloys are preferentially defined as alloys containing at least five principal 

chemical elements with an atomic percentage between 5 and 35 % each. 

II High-Entropy Alloys are defined as alloys with configurational entropies that are larger 

than 1.5R (whereas R stands for the gas constant) at a random state, independent of 

their morphology at room temperature (RT). 

 

So, in contrast to conventional ­classic® alloy development where the material®s properties 

strongly depend on the base element and are then adjusted via minor additions of other chemical 

elements (cf. steel, aluminium or titanium alloys), the alloying elements are mixed in an equimolar ² 

or near equimolar ² ratio. Under normal conditions and considering the binary and ternary phase 

diagrams as well as the basic rules of phase formation (e.g. Vegard®s law82, Hume-Rothery rules83) 

a series of thermodynamically favoured intermetallic (im) phases would arise subsequently. 

However, following the theory of multi-component alloys, the high entropy of mixing overcomes the 

enthalpies of compound formation and therefore supresses the development of other phases besides 

one general solid solution (ss) phase, as Yeh et al.76 proposed. This peculiarity as well as other 

features are mostly referred to as the ­4 core effects® of HEAs81.  

The ss microstructures resulting from these effects can lead to different materials 

characteristics that are superior to those of conventional multi-phase materials24. Especially alloying 

compositions which consist either entirely or at least to a significant extent of refractory metals ² i.e. 

elements of the fourth, fifth or sixth subgroup of the periodic table of the elements84 ² are of particular 

interest for modern structural and high-temperature applications. Some of these refractory high-

entropy alloys (RHEAs) possess outstanding properties such as high strength at elevated 

temperatures, high hardness, abrasion resistance, (high-temperature) oxidation resistance and 

corrosion resistance, making them particularly promising engineering materials85²88. 

3.1.2 The high-entropy effect 

As mentioned above, the interplay between the entropy of mixing ƌSmix in JϽK-1Ͻmol-1 and the 

enthalpy of mixing ƌHmix in kJϽmol-1 regarding the formation of either an elemental phase, an im 

phase or a ss phase plays an important role in the concept of multi-component alloys89. Following 

the second law of thermodynamics, the resulting state is determined by the combination exhibiting 

the lowest Gibbs free energy ƌGmix in J at a certain temperature T in K and can be formulated as 

follows90: 

 

Gibbs equation Ў' Ў( 4Ў3  (1) 
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Furthermore, literature76,90,91 shows that the required values for the enthalpy of mixing ƌHmix as 

well as the entropy of mixing ƌSmix of an alloying system consisting of N elements can be obtained 

by implementing the following equations: 

 

Entropy of mixing Ў3  2 ÃÌÎÃ (2) 

Enthalpy of mixing Ў( τЎ( ÃÃ
Ƞ 

 (3) 

 

where R is the gas constant, 8.314 JϽmol-1ϽK-1, N is the number of elements, ci or cj is the 

composition of the ith or the jth element and Ў(  is the enthalpy of mixing for the binary 

equiatomic AB alloys. 

According to (1), to obtain the lowest possible Gibbs free energy ƌGmix, the enthalpy of mixing 

ƌHmix ² including all sources of entropy such as configurational, vibrational, electronic and magnetic 

for simplification78 ² either has a low value or the entropy of mixing ƌSmix of the random solute state 

in correlation with the temperature T is high. In theory, a sufficient method to achieve an increase of 

entropy and therefore reduction of free energy is by simply mixing more elements in equimolar 

fractions79. By taking this into account and scanning the available literature23,92 to compare different 

possible results for the parameters ƌHmix, TƌSmix and ƌGmix ² concerning either the formation of 

elemental phases, compounds or ss phases ² it becomes quite evident that the formation of the ss 

is in competition with the development of other phases and/ or compounds and might even be 

favourable ² especially when also taking the other core effects into account78. Table 3-1 was 

reproduced from Yeh78 and provides a good overview of the correlations as well as the results ² the 

relation between the favourable morphologies is highlighted in orange. 

Yang & Zhang28 proposed that the actual melting temperature Tm of the constituents and their 

differences also plays an important role ² in connection with ƌHmix and ƌSmix ² regarding the 

solidification of the alloy and may therefore influence the formation of the solid solution phase, 

instead of an ordered phase. In this context, they established the solid solution prediction parameter 

(Џ), which can be calculated as follows: 

 

Solid solution prediction 

parameter 
ɱ
В Ã4 Ў3

ȿЎ( ȿ
 (4) 

  

here, the first term В Ã4  can also be summarised as Tm, which refers to the average melting 

temperature of an n-element alloy with a composition of ci, which is calculated by using the melting 

temperature Tm of the ith component of the alloy. Subsequently, it is multiplied with the ƌSmix and 

divided by ƌHmix. According to the literature78, a critical value of Џ = 1 is suggested for solid solution 

formation. When Џ > 1, the entropy term (TƌSmix) dominates over the enthalpy term (ƌHmix), 
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promoting the formation of solid solutions in multi-component alloys. Conversely, when Џ  1, the 

enthalpy contribution becomes more significant, leading to a higher probability of intermetallic 

compound formation and elemental segregation rather than the occurrence of solid solution 

phases28. 

To simplify the matter at this point it can be summarised that the sheer number of elements 

combined and the resulting increase of entropy of mixing is one of the key features of HEAs, thus 

significantly influencing the naming of this new class of materials.  

Table 3-1: Comparison of the enthalpy of mixing ƌHmix, the (temperature dependent) entropy of mixing ƌSmix, and the 

resulting Gibbs free energy ƌGmix regarding the formation of an elemental phase, a compound or a ss phase, reproduced 

from 78. 

Parameter Elemental phase Compound Solid solutions 

ƌHmix ~ 0 Large negative Medium negative 

T* ƌSmix ~ 0 ~ 0 -RTln(n) 

ƌGmix ~ 0 Large Negative Large negative 

3.1.3 The effect of severe lattice distortion 

This effect stems from the mixture of different sized atoms within the desired ss and the 

resulting stresses in the lattice. Again, an example is very useful for illustration: By considering the 

well-studied ­original® Cr-Mn-Fe-Co-Ni Cantor alloy77, it can be quickly established that the space 

groups, lattice parameters and atomic radii of the constituent elements deviate from one another 

quite strongly (cf. a0(Fe) = 0.286 pm, Im-3m; a0(Co) = 0.247 pm, c0(Co) = 0.402 pm, P63/mmc; 

values obtained from the ­Materials Explorer App®93). However, due to the large number of 

constituents in equimolar fractions and the resulting high entropy of mixing, the elements have a 

high probability to occupy random lattice sites and form a ss, rather than to solidify as components94. 

Additionally, assuming high differences in atomic radii, the energy to retain a crystalline (component) 

lattice structure would be relatively high, leading to a favourable collapsed amorphous morphology 

(cf. bulk metallic glass)81. Hence hindering dislocation movement within the ss strengthened 

microstructure, the distortions of the lattice (Figure 3-2(a)) are hypothesised to be responsible for 

many of the outstanding mechanical properties of multi-component alloys24,95. 

As mentioned above, the variance in atomic radii is related to the entropy of mixing (the former 

alone cannot provide a reliable statement regarding the phase formation and ordering78), which is 

why Zhang et al94 introduced the parameter ƫr in % to quantify the correlation to a certain extent: 

 

Atomic size difference 

parameter 
ɿ ρππϽ Ã ρ ÒȾ ÃÒ  (5) 

 

as reproduced from96, ci and ri are the fraction and atomic radius of the ith element, cj and rj are the 

fraction and radius of the jth element and N is the number of constituent elements. 
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An example of the commonly used diagrams for phase predictions in HEAs is depicted in Figure 

3-2(b). Even though this method follows a rather empirical approach and newer research findings 

(cf.95) propose additional influences on the phase formation, it nevertheless provides reasonably valid 

results in terms of structural prediction96. To give an example of a particular limit of the phase 

prediction rule based on ƌHmix and ƫ ² and hopefully to expand the understanding of the 

interdependencies presented ² the specific chart in Figure 3-2(b) was chosen: As experimental 

validation work has proven, certain HEAs still form im compounds ² depicted in the elliptical area ² 

even though the theoretical phase prediction would suggest either a solid solution or an amorphous 

phase ² shown as crosshatched areas in orange and blue. In principle, a large negative enthalpy of 

mixing would support both the formation of long-range ordered im phases and short-range ordered 

atomic clusters 97, the latter then being stabilised by the corresponding value of ƫ. However, Guo et 

al.98 hypothesised that, depending on the combination of elements within the HEA and the resulting 

number of ­strongly chemically attracted atomic pairs® interferes with the formation of a solid solution 

and promotes intermetallic phase formation ² when exceeding a certain threshold. 

 

Figure 3-2: a) Schematic illustration of the lattice distortion effect in HEAs; b) Schematic phase prediction plot utilising the 

parameters ƌHmix and ƫ, reproduced according to98,99.  

3.1.4 The effect of sluggish diffusion 

In principle, the sluggish diffusion in HEAs is associated with a certain rivalry between the 

alloying components which ultimately leads to an impeded phase transformation78. Owing to the large 

number of different elements in high fractions, any partitioning transactions in HEAs would 

theoretically require some kind of cooperative diffusion100. However, due to the underlying 

thermodynamic mechanisms, the number of diffusion-promoting vacancies is limited in HEAs thus 

enhancing a competition between the surrounding atoms in the solute state101. This mutual 

interference results in a higher activation energy for the migration of either an atom or a vacancy 

within the system and therefore slowing the diffusive motion102.  

Many of the stated theorems were validated based on the observations of Tsai et al.102, 

demonstrating a hindered diffusion in ideal-solution-like face-centred cubic (fcc) Co-Cr-Fe-Mn-Ni 

alloys via quasi-binary diffusion couples. More recent publications, however, are more critical about 
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the effect or even negate it completely103,104. The review of Dabrowa and Danielewski105 can be used 

to summarise the current situation well, as they propose that with regard to fcc HEAs, the assumed 

sluggish diffusion effect appears to be overexaggerated and is more related to the element Mn and 

Mn-containing compositions, however, especially regarding more distorted body-centred cubic (bcc) 

HEAs there is still a lack of information present and a diffusion impeding mechanism may well exist 

there. From this it, can be deducted that the ­effect of sluggish diffusion in HEAs® is still not sufficiently 

validated and therefore needs some future clarification work. 

3.1.5 The cocktail effect 

The basic theory behind this last core effect can be well illustrated with a simple example: Both 

pure iron and pure carbon are independent materials to which certain properties (e.g. strength, 

ductility, density, melting temperature, thermal and electric conductivity) can be attributed, and which 

are used specifically in accordance with these properties. The combination of the two, however, 

leads to arguably the most important engineering material of the modern age: steel, exhibiting a 

completely new and extended range of possible properties and therefore applications. To take it one 

step further, by adding extra alloying elements to the Fe-C base system the new properties can be 

extended and tailored even better106. To some extent, this already demonstrates the possibilities that 

lie within these metallic ² or even non-ferrous ² ­cocktails®.  

This apt description was first introduced by S. Ranganathan107 in his highly cited publication 

­Alloyed Pleasures: Multimetallic cocktails® and referred to innovative alloy developments such as 

bulk metallic glasses, superelastic alloys and nanostructured high-entropy alloys. The key feature is 

that these materials altogether show astonishing properties which significantly exceed those of the 

individual components or the binary systems and is promoted by the elemental mixture (as stylised 

in Figure 3-3)76.  

 

Figure 3-3: Illustration of the cocktail effect using an espresso martini ² different independent components may yield 

superior properties, when adequately combined. 

However, on a more critical note, this effect is by no means exclusive to high-entropy alloys 

but can also be applied to many other alloying systems e.g. complex Ni-base superalloys with 
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properties that are precisely tailored according to the fractions of different alloying elements and it 

is therefore debatable whether this should really be considered a ­core effect® of HEAs. A concise 

resume can be drawn on the basis of a review paper from E. Pickering and N. Jones108, stating that 

the cocktail effect is probably best attributed to the very special ² and partly surprising ² properties 

of these materials, which are due to their complex compositions. 

3.1.6 Additional effects 

To adequately round off this section, some ­additional effects® need to be addressed briefly. 

These effects are also expected to influence and contribute to the formation of multi-component 

alloys and were either already considered since the beginning of HEA related research but were 

subordinated to the core effects (e.g. valence electron concentration, VEC109), or were established in 

the course of further research and development (e.g. the heat of mixing or the interaction energy79). 

The first was introduced as an additional tool to predict the phase formation more accurately and 

can be summarised as follows: VEC  8.0 promotes the stabilisation of an fcc phase, 

6.87  VEC < 8.0 leads to coexisting fcc and bcc lattices and VEC < 6.87 results in sole bcc phase110. 

The latter, however, tend to interfere with the predictions based on the core effects rather than to 

support them. Following the statements of Cantor79, the heat of mixing as well as the interaction 

energy between binary constituents have the ability to ­overrule® the general phase stabilisation and 

promote decomposition into multiple phases. This occurs if the values between the binaries exceed 

the contribution of the entropy of mixing to the free energy of the system79.  

These effects are only used as ­more prominent® examples to demonstrate the advancement in 

theory behind multi-component materials and more can be found in the literature111,112. In order to 

be able to cope with this multitude of influencing factors ² not only on phase formation but also with 

regard to the resulting properties ² computational methods and materials simulations were 

developed over time which provide valuable contributions to the experimental work and help to 

further expand understanding95,113. In conclusion, it can be stated that despite the increasing number 

of factors on structural evolution and therefore growing complexity of alloy development, the core 

effects continue to serve as a solid basis model.  

3.1.7 Multi-component alloys with biomedical properties 

As mentioned in the previous sections, multi-component alloys can possess quite interesting 

physical and mechanical properties. These characteristics, however, are of course not limited to 

structural applications in aerospace and energy or power plant engineering but can be suitable for a 

wide range of applications. In particular, the field of biomedical materials can benefit greatly from the 

extensive opportunities that arise due to a ­high entropic® combination of biocompatible elements. 

Figure 3-4 shows a schematic representation of the general biomedical material classes (i.e. bio 

steels, titanium alloys and Co-Cr alloys), as well as the commercially used alloys and their elementary 

components. The components highlighted in orange are of particular interest here, as they are 

already used in applications ² either as base material or as alloying elements ² and harbour great 

potential for further development regarding multi-component combinations.  

The first pioneering examinations in this direction can be linked to the work of Niinomi and co-

workers114,115, who carried out thorough research on modified titanium materials. The motivation 
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behind these Ʃ-type Ti-alloys ² often referred to as TNTZ alloys ² was firstly to maintain the good 

biocompatibility of the pure alloying elements (e.g. Ti, Nb, Ta, Zr) and secondly to reduce the Young®s 

modulus (E) in comparison with materials already in use115. 

 

Figure 3-4: Representation of common alloying elements in biomedical materials ² Particularly interesting candidates for 

(refractory metal based) multi-component materials are highlighted in orange; reproduced from39. 

The stiffness reduction is directly related to the osseointegration and longevity of the implant 

which is manifested in the so called ­stress-shielding effect®: a high modulus of the material leads to 

the majority of the introduced force (during service) being absorbed by the implant itself and not by 

the bone17. This may sound desirable at first, but can, however, lead to catastrophic failure of the 

implant due to demineralisation and following degradation of the surrounding bone structure in the 

further course and therefore plays a crucial role in the development of novel biomaterials19. These 

Ti-alloys already demonstrate favourable properties but are still mainly based on titanium and only 

have minor additions of further alloying elements. 

According to Scopus, one of the first mentions of actual ­bio high entropy alloys® can be found 

in the proceedings of the 24th International Conference on Metallurgy and Materials, Brno, Czech 

Republic in the year 2015. Here, an equimolar Ta-Nb-Hf-Zr-Ti alloy, originally proposed as an 

alternative structural RHEA to the Ta-Nb-W-Mo and Ta-Nb-W-Mo-V systems with reduced density 

and improved RT ductility by Senkov et al116, was presented as a potential implant material ² owing 

to the biocompatibility of some of its constituents ² by Zyka et al.117.  

More coherent research work regarding biocompatible high-entropy materials was 

subsequently published by the working group of Nakano118²121 in the following years. In general, the 

driving force behind the development of these, again rather complex, alloys is twofold: Firstly, an 

overall improvement of biocompatibility trough a careful selection of eligible alloying elements is 

being sought. This primarily targets issues concerning elements that are currently used in 

conventionally applied medical materials (implants, tools) but are increasingly viewed with criticism. 

Prominent examples are the constituents of frequently used Co-Cr-Mo implants: Studies suggest 

that these types of alloys degrade and break down into micrometre and nanometre sized particles ² 

e.g. release of Co and Cr ions due to wear and abrasion ² during their period of service within the 

human body (in vivo), which cause oxidative stress to cells and can therefore be characterised as 
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toxic38,122. A similar issue even applies to titanium alloys such as TAV: Here, a two-layer passivation 

system is present, which consists not only of stable titanium oxides (TiO2), but also of instable 

species, such as vanadiumpentoxide (V2O5)123. During corrosive events and/ or abrasion 

(tribocorrosion), these oxides can be released from the outer layer, subsequently degrading into 

vanadate species and vanadium ions, which can ultimately cause damage to cells124²126. Secondly, 

further optimisation ² and for example application dependent adaptation ² of the mechanical and 

overall corrosive properties is a major goal of novel implant material development. Negative examples 

are the high moduli of stainless steels, such as the widely used 316L austenitic steel (E ~ 200 GPa), 

which can lead to an increased risk of stress shielding effects127. Commercially pure titanium implants 

on the other hand not only demonstrate a comparably high Young®s modulus (E ~ 110 GPa), but also 

low hardness (220 HV) and yield strength values (ƺy ~ 320 MPa), which reduces their usability in 

applications subject to higher mechanical demands (eg. dental applications)128.  

Regarding corrosive investigations, the works of Maria Herbster et al. are highly recommended: 

She impressively elucidated the relationships between mechanical and oxidative stress on Co-Cr-Mo- 

and Ti-based implants in vivo and in vitro thus demonstrating their disadvantages14,15. In summary, 

all of these examples now provide specific indications which can be tackled by utilising the 

possibilities offered by HEAs. 

Table 3-2: Display of the sample condition as well as the mechanical properties young®s modulus (E), yield strength (ƺY) 

and max. elongation (Ƭmax ) of several titanium based biomedical alloys and biocompatible high-entropy alloys , determined 

via tensile tests. 

Alloy Condition E, 

GPa 

ƺY , 

MPa 

Ƭmax , 

% 

Source 

cpTi Solution heat treated 102.7 170 24 129 

TAV Annealed 112 ± 2 847 ± 22 8 ± 2 129 

Ti-6Al-7Nb - 114 915 ± 35 11.5 ± 3.5 129 

Ti-29Nb-13Ta-4.6Zr Aged 80 864 13.2 129 

Ti-Nb-Zr-Hf Annealed 69.7! - - 130 

Ti-Nb-Ta-V As cast 108* 1092* - 131 

Ti-Nb-Ta-Zr As cast 111# 1389* 36* 132 

Ti-Nb-Ta-Zr Homogenised 109# 1702* 27* 132 

Ti-Nb-Ta-V-Zr Homogenised 119.9! - - 133 

Ti-Nb-Ta-Zr-Hf As cast 59 1212 12.3 117 

Ti-Nb-Ta-Zr-Mo As cast 153# 1390 ± 75* 6* 134 

Ti-Nb-Ta-Zr-Mo Homogenised 157 ± 7.7# - - 135 

Ti-Nb-Ta-Zr-Mo-V As cast 125.7 ± 9.5# - - 135 

Cu-Mo-Ta-W-V Coating 196 ± 10+ - - 136 

Ti-Al-Fe-Co-Ni As cast 254 ± 4 - - 137 

 

* = Compressive properties 

# = Obtained via nanoindentation 

+ = Obtained via micropillar compression / atomic force microscopy (AFM) calculation 

! = Obtained via resonant ultrasound spectroscopy (RUS) 
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One of several promising candidates is the equimolar high-entropy alloy Ti-Nb-Ta-Zr-Mo, which 

exhibits a comparable biocompatibility in the as-cast, as well as a superior biocompatibility in the 

homogenised condition to the state-of-the-art biomaterials 316L steel and cpTi - determined by cell 

density and spreading experiments with bone-synthesising and mineralising cells (osteoblasts) 

derived from mice118,121. In addition, Shittu et al. 138 demonstrated that the alloy is able to withstand 

tribo-corrosive stress better than SS304 stainless steel and attributed it to the HEAs higher hardness 

and passivity at body temperature. A further development step of this alloy with the addition of Hf 

towards a, however not equimolar, composition of Ti28.33-Zr28.33-Hf28.33-Nb6.74-Ta6.74-Mo1.55 ² which was 

chosen to satisfy different parameters regarding theoretical phase formation, melting temperature of 

the alloy, etc. ² also yielded superior biocompatibility, compared to cpTi139. Another alloy worth 

mentioning is the equimolar HEA Ti-Nb-Zr-Hf, which also consists entirely of biocompatible elements, 

but primarily shows a very low Young®s modulus, thus making it less susceptible to the stress 

shielding effect130. According to density functional theory calculations (DFT), published by Chen et 

al140, the reduction of the modulus can be traced back to an Hf-induced increase in covalent bonds 

within the alloy, thus decreasing the ductility but increasing the hardness and strength. 

To summarise this section, it can be stated that the constant endeavours of material 

development in the past have undoubtedly led to adequate solutions for the challenges present in 

the biomedical field. Nevertheless, and this is in particular due to the complexity of the 

interdependencies regarding implant materials ² eg. mechanical properties, chemical composition, 

overall biocompatibility, corrosive properties ² there is still room for (material) improvement. These 

issues or questions are being addressed in the development of biomedical HEAs and in some cases 

have already been answered with outstanding solutions ² since only a few representative alloys have 

been listed in the text, Table 3-2 should be referred to again here for further literature. 

3.2 The elements tantalum, niobium, titanium and the ternary Ta-Nb-Ti 

system 

As previously mentioned, refractory metal-based alloying systems in particular have caused 

quite a stir in the scientific community and led to the development of several RHEAs with intriguing 

properties 141²143. In a wider definition, the chemical elements from the 4th, 5th and 6th subgroup of the 

periodic table are summarised under the term ­refractory element® ² lat. Refractarius = stubborn, 

stiff-necked ² because of their unique characteristics, such as extremely high melting temperatures, 

corrosion resistance to different media (e.g. acids, water, salt) and mechanical properties144,145.  

With regard to not only structural materials, but also biomedical applications, the elements Ta, 

Nb and Ti occur frequently in different alloy compositions ² either individually or in combination146. 

In the following section, the background as well as the individual (desirable) properties of the three 

elements will be briefly elaborated, however, reference will be made to further literature at the 

appropriate points. Furthermore, the topic of titanium alloys is addressed and presented in more 

detail, as many theoretical concepts of Ʃ-Ti alloys can be transferred to refractory compositions and 

the boundaries between Ʃ-stabilisation and high entropy stabilisation displays some synergetic 

effects147. This interplay of concepts can lead to an alloy composition-dependent influence on 

microstructure and properties and should therefore always be taken into consideration and be viewed 

critically.



 

   

 

  

 

Table 3-3: Basic properties of the elements Ta, Nb and Ti, obtained from corresponding sources144,148²162. Prices were obtained from Shanghai Metals Market SMM163 in October 2025 and relate 

to bulk material with purities  99 %. 

Property Unit Symbol Ta Nb Ti 

Modification - - - - ƨ-Ti Ʃ-Ti* 

Crystal structure - - bcc bcc hcp bcc 

Lattice constant nm a 0.3303 0.3294 
a = 0.295 

c = 0.468 
0.3306 

Atomic radius (covalent) pm rcov 134 134 132 

Atomic mass g/mol ma 180.95 92.91 47.87 

Density at RT g/cm3 Ƹ 16.6 8.4 4.5 

Melting point ° C TM 3016.9 2476.9 1667.9 

Hardness HV GPa  0.8 ² 2.9 0.7 ² 2.5 1.9 ² 2.9 

Tensile Yield strength (0.2 %) MPa Rp0.2 100 - 200 75 170 

Tensile strength MPa Rm 300 300 235 

Young®s modulus GPa E 185 103 102 

Elongation % Ƭ 20 ² 50 25 35 

Compressive yield strength+ MPa ƺy c 135 - 1060 93 - 440 130 - 340 

Flexural strength MPa ƺflex 140 - 340 - 200 - 1000 

Price  /kg - ~ 401.65 ~ 82.24 ~6.95 
           

           * = High temperature modification, forms above 882 °C 

           + = Some references state the 0.2 offset value for the yield strength 
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3.2.1 Tantalum ² Ta 

 

While tantalum almost exclusively occurs in its oxidic form and in combination with 

accompanying oxides of Nb, Ti, U, Th and many others in the environment, the majority of metallic 

Ta is extracted from tantalite and columbite ore162,164. The largest deposits of these ores can be found 

in Africa, Australia and South America, with smaller ones also present in other countries164. After 

mining the Ta-ores are generally refined in multi-staged processes involving critical agents such as 

hydrofluoric acid (HF), as described in more detail in the corresponding literature162. Besides these 

established production routes, efforts have also been made in the recent past to develop HF-free and 

potentially more efficient processes by implementing pyrometallurgy and alternative chemical agents, 

in order to keep up with the rising demand of the metal165.  

In general, the utilisation of the refined element with the atomic number 73 in the periodic table 

has shifted strongly over time: The first technical application of tantalum was apparently as filament 

string in light bulbs ² related to its high melting temperature, as listed in Table 3-3 ² however being 

replaced by tungsten relatively quickly166. While Ta was predominantly used as alloying element to 

improve corrosion resistance and precipitation hardening of steels at the beginning of the 20th 

century, its use has changed since around 1950 to, mainly, the electrical industry162,164,167. Based on 

properties such as a high dielectric coefficient, Ta is an attractive material for capacitors and other 

electric components162. Even though over 70 % of all extracted and refined Ta is still used for 

electrical components today, other possible applications have arisen which are strongly dependent 

on the unique mechanical properties of the refractory element ² e.g. alloys for cutting tools, alloys 

for the petrochemical industry and high temperature alloys for aerospace applications166. The 

corrosive characteristics of Ta are particularly noteworthy here: bulk tantalum is coated with a dense 

and resistant oxide layer under atmospheric conditions, which protects it from a broad variety of 

aggressive chemical media (e.g. sulfuric acid, bromine, iodine, nitric acid, aqua regia, liquid metals), 

making it one of the most corrosion-resistant metals of all162,164.  

In addition to the previously stated features, Ta exhibits a variety of promising biomedical 

properties, such as excellent osseointegration ² cf. the activation of bone-building cells and 

subsequent ingrowth without triggering an extended inflammatory reaction168 ² outstanding 

resistance to body fluids, and an overall improved biocompatibility compared to many state-of-the-

art biomedical materials (e.g. Ti and Ti-alloys)169,170. Balla et al. 171 provided a significant demonstration 

of the potential of tantalum-based biomedical materials by highlighting the excellent biocompatibility 

of porous Ta structures in in vitro studies. Beyond its advantageous mechanical and corrosive 

properties, Ta has also been associated with enhanced antibacterial and antimicrobial effects, as 

evidenced by several studies 170,172. Notably, Tokarski et al. 173 observed reduced infection rates in Ta 
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implants, which they hypothesised to be attributed to the material's superior osseointegration. This 

finding aligns with the ­race for the surface theory®, which posits that competitive colonisation of the 

implant surface by host cells ² such as osteoblasts ² over bacteria prevents bacterial attachment and 

biofilm formation 174²176. Further research by Schildhauer et al. 177 and Zhang et al. 178 corroborated 

these results, demonstrating the antibacterial efficacy of bulk Ta against Staphylococcus aureus and 

Staphylococcus epidermidis, as well as Ta coatings against Fusobacterium nucleatum and 

Porphyromonas gingivalis, respectively. The main disadvantages of the material are its extremely 

high melting point thus leading to demanding manufacturing technologies, its high density and its 

high cost (see Table 3-3). 

3.2.2 Niobium ² Nb 

 

As previously mentioned, elemental Nb is strongly related to Ta due to their presence in similar 

ores in the earth's crust. Therefore, the main deposits are closely related, with a reported major 

occurrence in Brasil and other mining sites in Africa, Australia or Russia, just to name a few179. The 

extracted niobium-rich ores ² such as columbite-tantalite or pyrochlores ² also undergo demanding 

refinement processes accompanied with specific blending of ore-types, excessive mechanical 

fragmentation and subsequent critical chemical processes, which are described in great detail in the 

relevant literature179. As mentioned above, adapted methods are also developed for niobium 

extraction, which can ensure a lower risk refining process in the future and thus a more sustainable 

supply of the sought-after element165.  

Albeit having a reduced melting temperature, about only half its density and being roughly 5 

times cheaper, as can be obtained from Table 3-3, the refractory elements niobium and tantalum 

have many similar properties144. Examples are their atomic and crystal structure ² both bcc with an 

Ὅάσά space group, similar atomic radii and lattice constants a (Table 3-3) ² as well as physical and 

mechanical properties (thermal conductivity Ʋ, surface tension ƺ, shear moduli G and Poissons 

number Ƴ)148. Additionally, and again comparably to Ta and other refractory metals, Nb shows good 

resistance to organic and inorganic solutions as well as overall corrosion resistance180. This is related 

to the pronounced passivation layer, predominantly consisting of niobium pentoxide, that 

spontaneously forms at RT and covers the surface of bulk Nb material181. Compared to other 

refractory metals, Nb and its alloys possess relatively low densities and have a very good 

processability182
.  

The commercial use of niobium initially commenced in the 1950s and World War II played an 

important factor in propelling the ­curious metal® into application related research and 

development145,183. The main fields of utilisation of Nb can be divided into three parts: Firstly ² and 

with an absolute majority ² as alloying element in the steel industry. Here, Nb acts as important grain 
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growth inhibitor and dispersion hardening element in general, as well as bearer of the austenite 

conditioning in particular182²185. Secondly, as nuclear reactor material ² for tubings and as blanket 

material because of its low capture cross-section for thermal neutrons along with its overall neutronic 

responses186,187. Lastly, it is used in potential high-temperature structural alloys for aerospace 

applications (nozzle extensions, heat shields188). C. Wojcik182 published a concise summary of 

relevant high-temperature niobium alloys and their respective properties that is referred to for further 

literature at this point.  

Another noteworthy, however, less prominent feature of niobium is its good biocompatibility, 

which is directly related to the stable passivation layer on its surface189. There are several publications 

that report on a connection between the oxidation layer, its atomic arrangement and low surface 

currents thus improving the overall biocompatibility190,191. Positive in vivo studies (e.g. implantation 

in rats) and comparison with other metals reinforce these theoretical assumptions192,193. The 

mechanical properties of Nb with regard to biomechanical applications are two-sided; on the one 

hand, the low elastic modulus can reduce the risk of stress shielding, on the other hand the relatively 

low yield and ultimate tensile strength (UTS) also indicate poor fatigue properties189,194. The latter, 

however, can be adjusted and significantly improved by alloying with Ta and Zr, which in turn leads 

to interesting properties 195. 

3.2.3 Titanium ² Ti 

 

Comparable to tantalum and niobium, titanium is also predominantly extracted from Ti-rich ores, 

such as ilmenite, titanomagnetite, rutile and anatase and thus refined from them153. However, as the 

fourth most abundant structural metal in the Earth's crust, the Ti-rich minerals occur more frequently 

than the minerals of the other elements, with the main deposits located in North America, Africa, 

India, Brazil and Australia153.  

Even though titanium ² or a Ti-ore enriched sand, to be more precise ² was essentially 

discovered about ten years prior to Nb and Ta, its commercial use only commenced in the late 1930s 

and subsequent years196,197. Firstly, this is due to the complex and costly processes required to 

convert the ore into its metallic form ² cf. first the ­Hunter method®, later the more advanced ­Kroll 

process®198. Secondly, the further metallurgical processing of the raw metal involves numerous 

challenges associated with the highly reactive titanium melt. A few examples of these include the 

dissolution of all solids, liquids and gases besides inert gases, a high affinity to react with oxygen, 

nitrogen or carbon and to form oxides, nitrides and carbides, therefore making the use of vacuum 

equipment indispensable, as well as the high melting temperature in general153,199. Eventually, the arc 
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melting procedure known from Ta production ² including a water-cooled copper crucible that inhibits 

the reaction of the melt with the equipment wall ² was adapted and improved into the process still 

used today: the consumable-electrode vacuum arc remelting method to further process the raw Ti 

in adequate qualities and quantities200.  

Associated with the improved metallurgical understanding and processability, the commercial 

availability of titanium ² and its alloys ² rapidly increased in the subsequent years, with the aerospace 

and defence sector as one of the biggest driving forces201. One of the unique characteristics of this 

material is the possibility to strongly influence and even tailor its mechanical properties, owing to its 

different possible crystal structures: the bcc high-temperature Ʃ-Ti phase (lower strength and 

hardness, however higher ductility at RT; improved strength and high ductility at elevated 

temperatures, compared to ƨ-Ti), which undergoes an allotropic transformation into the hexagonal 

close-packed (hcp) ƨ-Ti phase (higher strength and hardness, however, reduced ductility at RT; 

decreasing strength and increasing ductility, however improved creep resistance at elevated 

temperatures, compared to Ʃ-Ti) below ~ 885 °C153,196,202. Surprisingly, commercially pure Ti exhibits 

rather moderate to low strength and good ductility (cf. Table 3-3), however, if other elements ² both 

in the form of impurities or added alloying elements ² are introduced to the material, its 

characteristics change significantly153,202
. Two illustrating examples for this are grade 4 Ti (hcp), which 

is still characterised as ­pure titanium grade® yet exhibiting a higher content of interstitial O and 

substitutional Fe thus resulting in enhanced strength and hardness203,204, and grade 5 Ti (TAV), which 

is a two-phase ƨ + Ʃ alloy with an excellent strength to weight ratio as well as good ductility and 

adequate stability at elevated temperatures (see Table 3-3)202,205,206. As briefly touched on above, one 

of the main fields of application for titanium-based materials is the aerospace industry, which 

implements specifically designed alloys in a wide range of areas and applications due to their low 

densities and good mechanical properties (e.g. aircraft turbine blades, parts of the landing gear, 

wheels, parts of the fuselage)10,201,202.  

Furthermore, Ti exhibits another distinctive characteristic which sets it apart from many other 

materials: outstanding corrosion resistance in a broad variety of media199,207. The reason behind this 

is the general ­active-passive® nature of titanium, i.e. the spontaneous formation of a protective TiO2 

layer on the surface under atmospheric conditions 153. The passivation then inhibits further corrosive 

attacks or even stops them completely ² depending on the attacking medium. Examples that fail 

against the protective layer are strong oxidising media (e.g. nitric acid and aqua regia), chloride ion 

containing agents, saline solutions and many aqueous solutions, even at different pressures and 

temperatures196. Accordingly, Ti and its alloys are extensively used for corrosion-critical applications 

in the chemical industry (e.g. heat exchangers, reaction vessels and tanks), as well as in offshore 

and marine environments 208²210.  

The inert character of titanium, however, is not only useful for environmentally challenging use 

cases, but can also be transferred to biomedical applications. Besides its excellent biocompatibility, 

Ti and many Ti-alloys are highly resistant to special modes of corrosion in physiological 

environments, including pitting corrosion, crevice corrosion and tribocorrosion (i.e. fretting) 211. 

Areas of use of biomedical Ti-alloys are wide-ranging and include orthopaedic implants, dental 

implants, fixations, nails, screws, wires, housings/ cases (e.g. for cardiac pacemakers), etc. 19,38. 

However, even though titanium is amongst the most widely used materials in modern biomedical 

applications, it®s not entirely free of disadvantages as well 212. Drawbacks include poor wear 



  Theory and context  

26 

  

resistance, low torsional strength and the overall challenging manufacturing route ² including the 

extraction of the pure metal as well as the abovementioned alloy production ² harbouring a high risk 

of contamination (i. e. impurities, interstitial atoms) 19,38,213. 

3.2.4 Ʃ-Titanium alloys and related concepts 

The basic concept of developing Ti-alloys is strongly influenced by alloying composition and 

thus the resulting phase formation: Depending on factors such as electronegativity, atomic size and 

general bonding characteristics, there exist certain elements which stabilise either the Ʃ-phase (Mo, 

Fe, V, Nb, W) or the ƨ-phase (Al, C, O, N) at RT, when adequately alloyed to Ti153,214
. Especially Ti-

alloys with a stabilised bcc Ʃ-structure at RT are of particular interest for biomedical applications as 

they possess a good combination of low Young®s modulus and acceptable strength, whilst containing 

no potentially harmful alloying elements, such as Co, Cr or V215,216. These alloys contain higher 

fractions of the aforementioned Ʃ-stabilising elements, thus lowering the Ʃ-transus temperature 

below RT and preventing the formation of hcp ƨ-phase. As Ʃ-Ti is a metastable configuration in 

principle, several concepts have been proposed to be able to predict its occurrence at RT and relate 

it to alloying composition and interactions between alloyed elements.  

The most common method to predict the Ʃ-phase stability is the so-called molybdenum 

equivalent (Moeq), which was originally proposed by Russian scientists in the seventies and adapted 

over the years217,218. In the following, Paul J. Bania's29 approach is used as an example for calculating 

the Moeq as follows: 
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(6) 

In the empirical equation above, the coefficient preceding each alloying element represents the 

ratio of the beta stabilising concentration (Ʃc) for molybdenum ² taken as a reference value of 10.0 

² to the Ʃc of the respective element in weight percent (wt. %). Aluminium is assigned a negative 

value to account for its counteracting effect, as it promotes ƨ-phase stability rather than Ʃ-phase 

stabilisation29. If an alloy composition has a Moeq greater than 10.0, literature states that the Ʃ-phase 

is stable at RT and competing phases are suppressed29. Additionally, Ballor et al.219 proposed an even 

more detailed range, stating that a Moeq of 10-12.5 can lead to a partial conversion from Ʃ- to ǀ-

phase ² a more detailed explanation is given below ² a Moeq of 12-15 supports deformation-induced 

twinning and a Moeq greater than ~ 15 supports slip-dominant deformation. 

The second method to be mentioned here is the theoretical prediction of phase stability and 

elastic properties of titanium alloys using the bond order (Bo) and the d-orbital energy level (Md) of 

the alloyed constituents220. Moreover, several publications220,221 provide an estimate of the expected 

deformation mechanisms based on the BO-Md correlation, which accordingly leads to a certain 

predictability of the mechanical properties of different alloy compositions. The parameters can be 

estimated as follows: 

 

Bond order  " В8"  (7) 
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D-orbital energy level 
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(8) 

 

here, Xi is the atomic fraction of the respective (ith) alloying element, (Bo)i is the bond order and (Md)i 

is the d-orbital energy level. If these parameters are known, the BO-Md correlation can be displayed 

graphically, and the theoretical phase composition, as well as mechanical behaviour of the alloys can 

be interpreted ² as displayed schematically in Figure 3-5. Although this is a theoretical approach, the 

generated results agree well with experimental values, as has been shown in the literature222,223. 

 

Figure 3-5: Basic Bo-Md plot with distinctive phase boundaries and respective deformation characteristics, obtained and 

adapted from the literature220,224. 

As can be seen in the theoretical approaches outlined, the phase transformations during 

solidification are not straightforward and depend strongly on the composition and thus correlation of 

the alloying elements. Moreover, Ʃ-Ti alloys can form metastable phases upon rapid cooling, such 

as hexagonal martensite alpha prime (ƨ®), orthorhombic martensite alpha double prime (ƨ®®), body-

centred cubic beta prime (Ʃ®) or hexagonal omega phase (ǀ)153. The latter is particularly noteworthy 

due to its different formation mechanisms: athermal omega (ǀath), as fine dispersed particles during 

quenching from above Ʃ-transus temperature; isothermal omega (ǀiso), as homogeneously 

distributed precipitates which form during low-temperature annealing; or as deformation induced 

omega219.  

The ǀ-phase originating from deformation plays a critical role in Ʃ-stabilised alloying 

compositions that undergo adequate heat treatment procedures ² i.e. tailored to suppress ǀath and 

ǀiso ² as it may interfere with the expected mechanical properties. Thereby not only the type and 

manner of deformation can change ² e.g. from slip-dominant deformation to twinning, or even 

different types of twinning225 ² but also the basic deformability of the alloy, as it is reported that the 

hexagonal ǀ-phase can lead to severe embrittlement219.  
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To complicate matters further, the detection and characterisation of the ǀ-phase in Ʃ-Ti alloys 

is particularly challenging due to its fine-scale morphology and complex transformation behaviour 

albeit similarity to the ­parenting® cubic Ʃ-phase (see Figure 3-6), necessitating the use of advanced 

techniques such as high-resolution transmission electron microscopy (TEM) or atom probe 

tomography (APT)226. As the topic of Ʃ-Ti phase instability and transformations is much more far-

reaching and intricate than can be covered in this thesis, more detailed information can be found in 

the textbook ­Titanium: physical metallurgy, processing and applications® by Froes153 and other 

corresponding literature for further reading. 

 

Figure 3-6: Depiction of the primitive ǀ unit cell, the lattice structure of the ǀ phase with a highlighted (orange) primitive 

cell and the relation between the primitive ǀ unit cell and the bcc Ʃ-Ti unit cells219. 

3.2.5 The ternary alloy system Ta-Nb-Ti 

To adequately begin this section, it must be stated that compared to the individual components 

and their binary compositions, information on the ternary system is relatively scarce. Moreover, most 

available publications are not primarily focused on biomedical matters but address other intriguing 

properties of alloys within the system, such as potential superconductivity or superelasticity 227²230. 

In addition, these studies are more likely to be based on conventional alloy design, i.e. the 

establishment of a specific ratio of two of the constituents, while the third one is varied and the 

influence on the aforementioned properties is monitored, or similar.  

Only more recently, the Ta-Nb-Ti system has gained increasing attention as sub system within 

more complex HEA compositions, such as the equimolar alloys Hf-Nb-Ta-Ti-Zr, Mo-Nb-Ta-Ti, 

Al-Mo-Nb-Ta-Ti-Zr, or similar231,232. These systems are mostly targeted towards load bearing 

applications in high-temperature environments, thus primarily invoking the refractory character of 

the elements tantalum, niobium and titanium ² and the according properties233. Nevertheless, the 

potential biomedical properties of the element combination have also attracted the interest of 

researchers and studies have been carried out on biocompatibility234, processing235,236 or powder 

metallurgical production237²239. Although many positive findings have already been generated here, 

most investigations relate to non-equimolar compositions with high Ti contents ² i.e. Ʃ-type alloys ² 

or do not examine/ present the comprehensive topic in depth ² e.g. regarding microstructural 

development, microstructure-property relations or microstructure-biocompatibility relations ² thus 

leading to a large number of open questions.
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4 Materials and methods 

The subsequent chapter covers the production, processing and analysis of the alloys developed 

in this work. Furthermore, the biocompatibility testing procedures are presented and described. 

4.1 Preliminary considerations and thermodynamic calculations 

The initial considerations for the alloy compositions covered in this work are based on the phase 

diagrams of the constituents and the phase compositions to be expected. The binary phase diagrams 

as well as the ternary section were calculated using the software module PanPhaseDiagram by 

Pandat (CompuTherm LLC, Middleton, WI, USA) with the integrated database Pan_SGTE. 

HEA-derived calculations 

In order to be able to estimate the phase stability, the parameters ƌG, ƌSmix, ƌHmix, ƫr and Џ 

were calculated for all alloys investigated using the equations (1), (2), (3), (5), as described in the 

theoretical part above, which are briefly listed here again for better comprehensibility: 
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Molybdenum equivalent 

Furthermore, the above shown molybdenum equivalent (6) ² adapted to the alloying 

compositions examined and referred to as Moeq from hereon ² as well as the relationship between 
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the expected phase stability and the elastic properties of Ti-alloys via bond order (Bo) and d-orbital 

energy level (Md) were implemented in the theoretical considerations using the following equations: 

 

Mo-Equivalent 
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Weighing calculations 

The final alloy compositions were subsequently scaled up to the desired quantities in g and 

converted into their weight proportions utilising the following equations (e.g. 100 g): 
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where wt. %(x) is the weight percentage of one of the constituents, at. %(x) is the atomic or molar 

fraction of the constituent within the desired alloy composition, M(x) is the molar mass of the 

constituent and at. %(y), M(y), ¤, are the molar fractions and masses of the remaining components. 

The actual weighing quantity m(x) of the component can then be determined via the second equation 

(11), multiplying the respective weight fraction with the total weight of the sample and dividing it by 

100. 

The theoretical density of the alloys in g/cm3 was determined using the equation to calculate 

the density of a disordered ss240 as follows: 

 

Theoretical density ʍ
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where ci is the atomic fraction in at. %, Ai is the corresponding atomic weight in gϽmol-1 and Ƹi is the 

density of the element i. 
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4.2 Primary forming and heat treatment 

All alloys examined were prepared using an ingot metallurgy approach, which primarily consists 

of arc melting under Ar inert gas atmosphere (AM) and a subsequent homogenisation heat treatment. 

The AM technique was implemented as it offers the possibility of melting different alloy compositions 

in a relatively simple and reproducible process. Despite implementing different types of AM systems 

(type MAM-1 and type AM 0.5, Edmund Buehler GmbH, Bodelshausen, Germany) in the course of 

the examinations presented the principle is similar: The previously prepared alloying compositions 

are placed and subsequently melted to button-shaped ingots in a water-cooled copper crucible, using 

a non-consumable tungsten electrode under constant argon gas flow. The inert atmosphere is crucial 

to supress the oxidation of the alloy samples during the melting process and had been gettered by 

previous melting of a pure zirconium or titanium sample, before the actual alloy, to decrease the risk 

of remaining oxygen uptake. All starting materials for alloy production (i.e. elemental granules, 

chippings, flakes) were obtained in high purity (> 99.9 for all components used) and were carefully 

weighed according to the target composition. To ensure sufficient homogenisation of the alloys 

during the melting process, the samples are flipped and re-melted several times. A schematic AM 

setup, the resulting button-shaped sample geometry and exemplary dendritic microstructures in the 

as-cast condition (AC) are depicted in Figure 4-1. Sample quantities produced were either 10 g or 

100 g button-sized ingots, depending on the arc melting device used.  

 

Figure 4-1: Schematic depiction of an arc melter, the button-shaped sample geometry and exemplary resulting 

microstructures. 
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The subsequent HT experiments were carried out in a custom-built high-temperature tube 

furnace (Type ­LORA®, HTM Reetz GmbH, Berlin, Germany) under vacuum (~ 10-6 hPa). All specimens 

were wrapped in tantalum foil and carefully placed in a molybdenum annealing box with added 

titanium sponge ² as oxygen getter ² to prevent oxidation. The procedure included a heating rate of 

5 K/min, the ensuing heat treatment period and furnace cooling of the samples afterwards. In the 

following, carrier gas hot extraction analyses (CGHE) were performed on small pieces of the alloys 

produced after homogenisation to check for oxygen and nitrogen contamination. The determination 

limits for O and N were 5 and 113 ppm.  

All button-shaped alloy ingots were cut via liquid-cooled precision cutting on a conventional 

laboratory saw or electric discharge machining (EDM) for further analyses and mechanical, as well 

as biomedical testing. 

4.3 Metallographic sample preparation methodologies 

The general purpose of the metallographic preparation of materials and alloys is of course to 

generate the best possible prerequisite for subsequent microstructural analyses. However, as the 

investigations carried out in the course of the work presented were multifaceted, correspondingly 

different preparation approaches were employed. These methods are schematically displayed in 

Figure 4-2 and will be briefly described in the subsequent chapter. As the preparation of the alloy 

systems examined is not trivial and harbours many challenges, it is heavily dependent on experience 

and thus empirical values. The following explanations are therefore intended as a guide for future 

works and may be described in more detail than usual in some cases. 

4.3.1 Particular cases 

Before going into more detail regarding the preparation of samples, two special types of 

specimens-sets shall be pointed out here, which deviated somewhat from the established standard 

processes. First, samples that were prepared for electrochemical investigations (i.e. corrosion 

testing) had to be contacted by spot welding a cable to them, prior to the mounting process. Second, 

they were cold embedded in epoxy resin (under vacuum) due to the attached wire and subsequently 

prepared using the conventional methods. 

Furthermore, samples for mechanical testing or similar, as well as specimens to be used for 

larvae implantation trials were either not metallographically prepared in general or underwent 

preparation and subsequent analysis after they have been tested. These specific conditions are taken 

up and described again in the corresponding chapters. 

4.3.2 Basic preparation methods 

The following steps were carried out if a basic microstructure analysis (i.e. general quality 

control of the microstructure, check for impurities or general comparison between alloying 

compositions) is aimed for, or if the objective was limited to a ­mirror-smooth® surface for subsequent 

biomedical examinations. 

Firstly, to ensure easy handling, all samples were hot mounted in either electrically conductive 

² if scanning electron microscopy analyses (SEM) were to follow ² or regular (non-conductive) 
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embedding agent, using a hot-mounting press (Labopress-3, Struers, Copenhagen, Denmark). 

Moreover, depending on the size of the specimens, either black or transparent medium was used 

for embedding, whereas the latter was used to be able to monitor the sample size of very small 

samples during preparation. Secondly, the samples were levelled and sanded, only using waxed 320 

grit SiC paper under constant water flow. Depending on the number of samples, grinding was carried 

out either manually (by hand) on a QPOL 250 M1 (ATM Qness GmbH, Mammelzen, Germany), 

machine or using a semi-automatic (TegraPol System, Struers, Denmark) machine in central force 

mode. Polishing of the specimen was then carried out in each case using the semi-automatic grinding 

and polishing machine. The performed polishing steps and parameters, as well as the cloths and 

agents used can be obtained from the scheme (Figure 4-2). The main difference between preparation 

for microstructure analysis or biomedical testing purposes was the use of single sample preparation 

mode and the addition of a 1 Ƴm polishing step in case of the first, and the use of the sample holder 

and the change from 3 Ƴm to OPS (active oxide polishing suspension) polish for the latter. 

Additionally, all prepared samples for biocompatibility and bacterial testing were dismounted prior to 

the investigations. 

4.3.3 Specialised procedures 

The following techniques were developed to prepare alloy samples or deformed specimens 

adequately for subsequent in-depth analyses in the SEM (i.e. electron backscatter diffraction 

(EBSD)). The aim hereby was to establish a preparation method with as little deformation as possible, 

thus not interfering with the sensitive measurement methods or falsifying the microstructures 

present, which provides reproducible sample quality for all alloy compositions investigated. For this 

purpose, a second grinding step on waxed 2500 grit sanding paper was implemented after the initial 

grinding on 320 grit paper to directly provide a finer surface quality and to remove a fraction of the 

sample surface already deformed by the previous step. The subsequent polishing procedure was 

performed on a compact semi-automatic single specimen machine MiniMet 1000 (Buehler, Lake 

Bluff, IL, USA), which again provides a very low deforming polishing process. Although the 2500 grit 

sandpaper is already in the same size range as the polish, the polishing process was always started 

with a 9 µm step for about 180 min. Different trials have shown that the 9 µm polish ² especially as 

a monocrystalline suspension was used here ² sufficiently removes the micro deformation from the 

previous and more aggressive grinding process, resulting in an optimal basic condition for the 

following fine polishing. In general, the polishing was carried out using a mixture of OPS (0.1 µm 

grain size) as lubricant and the respective polishing suspension as primary abrasive medium, which 

was distributed on the polishing cloth at the beginning of the process. To prevent any OPS from 

crystallising, only alcohol based polishing suspensions were used for this preparation method. The 

grain size of the polishing suspension was then gradually reduced from 9 to 3 and 1 µm (always in 

combination with the 0.1 µm OP agent) in the following steps. Subsequent final polishing was then 

carried out using only OPS as polishing medium however, with a finer grain size of 0.06 µm and 

buffered with hydrogen peroxide (30 %) in a ratio of 5:1 to reduce possible oxide formation and 

ensure smooth polishing. It should be mentioned here that the last step was visually monitored and, 

if necessary, carried out for longer than the specified 60 minutes. The parameters developed as well 

as the materials used can be obtained from the box on the right in Figure 4-2 in detail.  
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Figure 4-2: Materialographic preparation methods developed and implemented during the course of the investigations. 
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4.4 Microstructural analysis 

As analytical approaches are crucial to understand microstructural changes and interactions on 

a deeper level in materials science, there are numerous techniques available. The following chapter 

demonstrates the methodologies used here and gives a brief overview of the respective contents 

and characteristics. 

4.4.1 Microscopy techniques 

Microscopy plays a key role in the analysis of fine scaled features and thus materials 

characterisation. Depending on the desired magnification, resolution or task, different methodologies 

are available, which are briefly outlined below. 

Optical microscopy 

Especially for overview images or if high resolutions are not necessary, classic optical 

microscopy is a convenient tool for many tasks. The focus here is particularly on quick handling and 

the fast generation of results ² in contrast to SEM techniques ² however, boundaries are clearly 

defined by the wavelength of light and thus limiting magnifications of around 1000x241. 

During the investigations, optical microscopy was routinely used to monitor the 

materialographic sample preparation process in between grinding or polishing steps. Moreover, 

etched specimens were examined, and subsequent grain size analysis was performed utilising optical 

microscopy images (in combination with the image processing software ­ImageJ®). In addition, 

deformed samples as well as cracked specimens after mechanical testing were primarily analysed 

using the optical microscope. Depending on the resolution needed, either the compact stereo 

microscope Zeiss Stemi (Carl Zeiss AG, Oberkochen, Germany) or the upright light microscope Zeiss 

Axioplan (Carl Zeiss AG, Oberkochen, Germany) was used. 

Scanning electron microscopy ² SEM 

If high magnifications are needed for analysis, the SEM is the adequate tool to choose. Instead 

of using the wavelength of light, the SEM benefits from the shorter effective wavelength of electrons 

thus resulting in a much higher resolution242. This is related to the basic physical principles associated 

with the two methodologies: Instead of light and glass lenses, the SEM uses different electromagnetic 

lenses and an aperture to generate a focused electron beam, which is subsequently used to scan 

the sample243. During scanning, the highly accelerated electrons (conventional acceleration voltages 

between 0.5 and 30 kV) excite the atoms within the sample under investigation and different beam-

specimen interactions occur: Emission of Auger electrons, emission of secondary electrons near the 

surface, emission of characteristic X-rays, back-scattering of electrons and emission of 

bremsstrahlung, to list the most important ones (cf. Figure 4-3)243. These emitted electrons and types 

of radiation can be detected and either translated to image contrast with high resolutions up to high 

magnifications or be used for different analysis methods, as summarised in Table 4-1244. 
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Figure 4-3: Schematic depiction of the interactions between a primary electron beam and a solid material, reproduced 

after243. 

Table 4-1: Summary of core SEM methodologies and their characteristics, compiled from corresponding literature243,244. 

Mode Characteristic Utilisation 

Secondary electron 

contrast (SE) 

Detection of low-energy 

secondary electrons within the 

surface and direct image 

conversion 

High-resolution imaging of 

surface topography and 

morphology 

Back-scattered 

electron contrast 

(BSE) 

Detection of high-energy 

backscattered electrons that are 

reflected from the samples atoms 

nuclei and provide different 

contrast, based on their atomic 

number (the heavier, the brighter) 

Differentiation and visualisation 

of compositional contrasts thus 

microstructural differences 

Energy dispersive 

spectroscopy 

(EDS) 

Detection of resulting X-rays 

through the electron 

bombardment 

Elemental composition analysis 

(qualitative and semi-

quantitative) 

Electron 

backscatter 

diffraction  

(EBSD) 

Detection of diffracted 

backscattered electrons that 

provide information about 

crystallographic orientations 

 

Mapping of crystal orientations, 

visualisation of grain 

boundaries, phase identification, 

texture analysis and other 

crystallography-related tasks 
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Nevertheless, in addition to the advantages mentioned above, SEM techniques also present 

some challenges compared to conventional microscopy. Firstly, depending on the characterisation 

method, the sample preparation can be challenging and time-consuming, as preparation artefacts 

(e.g. surface deformation during grinding/ polishing) interfere with the signal quality and the general 

sample handling must be carried out with meticulous care. Secondly, the investigations are more 

complex as factors such as a proper evacuation of the sample chamber, the navigation of the sample 

in the enclosed chamber, the navigation of the electron beam on the sample at high magnifications, 

the selection of the right technique for the desired analysis and the scanning itself are processes 

that take more time and must be carried out with care. 

The investigations presented here were conducted utilising different types of SEMs, depending 

on the specific task and the respective equipment. Basic microstructural analysis (i.e. determination 

of phase compositions, size specifications, checking for impurities and general preparation of 

micrographs and overview images) was performed on a FEI ESEM XL30 FEG (FEI Company, 

Hillsboro, OR, USA), using both secondary electron (SE) and back-scattered electron (BSE) imaging. 

BSE contrast was the primary imaging mode used during the investigations due to its superior ability 

to distinguish between different phase compositions, while SE imaging was mainly applied for 

identifying pores, cracks, and other artefacts, owing to its higher spatial resolution. Examinations 

focused on chemical composition and distribution of elements were primarily carried out on a Zeiss 

EVO 15 SEM (Carl Zeiss AG, Oberkochen, Germany) using (Si(Li))-detector energy-dispersive X-ray 

spectroscopy (EDS) and Genesis analysis software (EDAX, Mahwah, NJ, USA) by means of spot 

analyses, area analyses or element mappings. For the acquisition of particularly high-resolution 

images and the investigation of crystallographic aspects or orientation dependent relationships, the 

DualBeam FIB/SEM system FEI Scios (FEI Company, Hillsboro, OR, USA), equipped with a state-of-

the-art EDAX electron backscatter diffraction (EBSD) detector and corresponding OIM analysisµ 

software (EDAX, Mahwah, NJ, USA) was used. 

4.4.2 X-ray diffraction analysis 

X-ray diffraction (XRD) is a common method to investigate lattice structures in crystalline 

materials and thus gain information about present phases and their composition. The underlying 

principles for this measuring technique are based on the ability of crystalline solids to diffract X-ray 

radiation and depict characteristic pattern. Depending on their position and width, these characteristic 

patterns provide direct information about lattice parameters, space groups, chemical compositions, 

as well as the crystal structures present (i.e. atomic positions or site occupancy)245. Moreover, if 

whole powder pattern fitting (WPPF) methods (e.g. Pawley-Fit) or refinement techniques (e.g. 

Rietveld-Method) are utilised following the measurement, even more precise data can be obtained 

with regard to the detected crystal structures and stresses, as well as quantitative information about 

the phases present246. 

To give a short overview: The XRD method is based on the emission of X-rays, which are 

generated by heating up a W filament and accelerating electrons towards a target material (usually 

Cu, Co, Ni, Mo, Fe) inside of an X-ray tube (Figure 4-4 a). The emitted X-rays exhibit a typical 

spectrum, which is divided into the Bremsstrahlung ² generated by deceleration of the accelerated 

electrons ² and the characteristic spectrum ² generated by changing energy levels of electrons within 

the anode material246. The schematic design of an X-ray tube and the resulting spectra are depicted 
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in Figure 4-4 ­Beam generation & spectra®. Subsequently, the emitted X-rays can excite the 

periodically arranged lattice structures of crystalline solids, which, depending on the angle of 

incidence, results in constructive or destructive interference (cf. Figure 4-4 b). The former occurs 

when the Bragg®s condition is fulfilled, the latter if it is not246: 

 

Bragg equation ÎϽ ʇ ςÄ ϽÓÉÎʃ  (13) 

 

with n as order of interference (or reflection order), Ʋ as the wavelength of the incident X-rays in 

nm, dhkl as interplanar spacing of the corresponding lattice plane in nm and Ưhkl as reflection angle of 

the X-rays in °246. 

Said constructive interference is subsequently detected and shown as distribution of intensity 

(in arbitrary units) as a function of 2Ư degree in a diffractogram245. The generated diffraction patterns 

can then be assigned to different chemical elements or compounds, as described above. 

 

Figure 4-4: Illustration of the key components of X-ray diffraction analysis ² a) Generation of X-rays via the X-ray tube and 

corresponding spectra; b) interaction of the emitted X-rays with the samples lattice structure and the geometrical boundary 

conditions for diffraction from lattice planes245,246. 
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As coarse-grained materials, such as the samples examined, only have few grains in the 

analysed volume, incomplete or inaccurate diffraction patterns may result. For this reason, all XRD 

measurements discussed in this thesis were performed on pulverised ² filed down from the bulk 

material ² sample material. The metallic powder ensures a variety of randomly oriented crystallites 

contribute to each reflection, producing smooth, reliable Debye-Scherrer rings and thus providing 

the most reliable statistical values246. The lab-based X-ray diffractometer PANalytical X®Pert Pro 

(PANalytical, Almelo, The Netherlands) in Bragg-Brentano geometry, using Co Kƨ radiation was 

utilised for the investigations. The samples were measured over a 2 theta range from 10°-160° with 

a step width of 0.017° and analysed using the software DIFFRAC.EVA (V 6.0, Bruker, Billerica, MA, 

USA). The lattice parameters of the alloys were generally determined using the Pawley Method, 

however. All measurements were carried out prior and post HT, to gain information about the present 

phases as well as potential phase transformations and the diffractograms obtained were corrected 

for external reflections caused by Fe/ FeO contamination of powder specimens due to the filing. 

4.5 Analysis of surface properties 

Since the surface of a metal is the interface between the technical material and biological matter, 

it is essential to examine and characterise it accordingly. Especially the surface roughness, the 

wettability and the surface free energy (SFE) are important parameters for the extended assessment 

of cell colonisation experiments and similar biomedical investigations and are therefore briefly 

described below.  

4.5.1 Confocal microscopy 

In addition to the conventional optical microscopes used (see section 4.4.1), confocal 

microscopy (Ƴsurf expert microscope and corresponding software, NanoFocus AG, Oberhausen, 

Germany) was implemented in the investigations. Confocal microscopy uses specialised apertures 

to block out-of-focus light, allowing it to capture high-resolution images of specific focal planes. By 

systematically shifting the focal plane, additional images are taken at different depths of the same 

location. These images are then stacked along the z-axis. As the sample is scanned, a computer 

reconstructs a detailed three-dimensional representation of its surface247.  

This methodology was used to determine the surface roughness parameters of differently 

manufactured and prepared specimens, such as Sa (3D arithmetic average height) in nm, Ra (2D 

arithmetic average height) in nm, Sz (2D maximum height, peak-to-valley) in nm, Rz (2D maximum 

height, peak-to-valley) in nm, etc. in accordance with DIN EN ISO 25178-1 and DIN EN ISO 

25178-2248,249. The analysis was performed on an area of 467 ò 160 Ƴm, utilising a 20× magnification 

objective featuring an 800 Ƴm lateral (x, y) measuring range. Additionally, for better statistics, at least 

three different measurements per sample were conducted, as well as several specimens measured. 

Conventional ISO Ti-6Al-4V AMS 4928 alloy (TAV) in annealed condition (procured from TiRus GmbH) 

was used as the reference material for all experiments (mechanical tests as well as the subsequent 

biomedical investigations) in this dissertation. By collecting the roughness values, correlating them 

to different alloy compositions, conditions and the reference material TAV, as well as implementing 

them in the further biocompatibility trials, a better comparability can be achieved with regard to cell 

adhesion and proliferation, as well as material-bacteria interactions. 
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4.5.2 Contact angle, wettability and surface free energy 

In general, the static contact angle (Ư in degree), which describes the shape of a liquid droplet 

at equilibrium on a solid surface can be used to determine its wettability. This angle results from the 

balance of interfacial tensions at the three-phase contact point, where the solid, liquid, and gas 

phases meet250. The equilibrium condition is described by the following equation: 

 

Young®s equation ɾ ɾ ϽÃÏÓʃ ɾ  (14) 

 

where ƪSG is defined as the tension between the solid and the gas phase in NϽm-1, ƪLG as the tension 

between the liquid and the gas phase in NϽm-1, Ư as the contact angle in degree and ƪSL as the tension 

between the solid and the liquid phase in NϽm-1 (as visualised in Figure 4-5)250. The contact angle is 

determined visually using an optical contour analysing device and can be measured subsequently. 

Depending on the value of Ư, different wetting behaviours can be distinguished. A contact angle of 

0° corresponds to complete wetting, where the liquid fully spreads across the surface. An angle 

approaching 180° theoretically represents complete non-wetting (practically non-existent due to 

residual adhesive forces). Contact angles less than 90° indicate good or partial wettability, while 

values greater than 90° signify poor wettability, i.e. characterise hydrophobic surfaces. 

 

Figure 4-5: Visualisation of the different vectors of the Young®s equation during contact angle determination on a sessile 

drop (reconstructed after250. 

All contact angle measurements were performed on sessile drops using an OCA 20 system 

(DataPhysics Instruments GmbH, Filderstadt, Germany) and evaluated using the software SCA 20 

(DataPhysics Instruments GmbH, Filderstadt, Germany) in accordance with the corresponding 

standard DIN EN ISO 19403-1251. 

Furthermore, the SFE ² in terms of interaction energy between a solid surface and a liquid 

surface ² can be determined based on contact angle measurements with different probe liquids. 

According to the Owens-Wendt-Rabel-Kaelble (OWRK) method, the interfacial tension between a 

solid and a liquid can be described using the following correlation252: 

 

OWRK correlation ɾ ɾ ɾ ς ɾ ɾ ɾ ɾ  (15) 
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where the surface tension of the liquid ƪSG in NϽm-1, as well as the FSE of the solid ƪSG in NϽm-1 are 

divided into disperse (ɾ , ɾ ) and polar (ɾ , ɾ ) components (all in NϽm-1). In order to be able 

to experimentally determine the SFE of an unknown surface, the polar and disperse components of 

the surface tension of at least two probe liquids must be known and the OWRK correlation must be 

transformed into a linear form (Ù ÍØ Ô) as follows252: 

 

Linear OWRK correlation ɾ Ͻ
ɾ

ɾ
ɾ

ρ

ς
Ͻ
ρ ÃÏÓʃ

ɾ

 (16) 

 

with the components Í ɾ , Ø  and Ô ɾ . These are used in the following to fit a linear 

regression and obtain the unknown surface free energy of the solid in NϽm-1, as schematically 

depicted in Figure 4-6 250. 

 

Figure 4-6: Graphical representation of surface free energy determination according to the OWRK method251. 

All SFE calculations presented in the following were obtained using the OWRK method which is 

conveniently implemented in the abovementioned SCA 20 software. The probe liquids used, and the 

corresponding surface tension values are listed in Table 4-2. The parameters for deionised water 

(H2O) and diiodomethane (CH2I2) were obtained from the SCA database ² Rabel for the former and 

Owens for the latter ² while the value for the foetal calf serum (FCS) was determined via Du Noüy 

ring method. The FCS used was diluted to a protein content of 30 g/l using deionised H2O, buffered 

with EDTA stock solution (500 mM) and protected against bacterial infection with Gentamycin 1 % 

and Amphotericin B 1 %. All measurements were repeated multiple times on each sample to generate 

sufficient statistical distribution, and the general procedure was conducted in accordance with the 

standards251,253 
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Table 4-2: Probe liquids used for the contact angle measurements: Deionised water (H2O), Diiodomethane (CH2I2) and 

foetal calf serum (FCS) with corresponding surface tension values and components. 

Liquid Ἐἑ, mNϽm-1
 Ἐἑ

Ἔ , mNϽm-1 Ἐἑ
Ἆ , mNϽm-1 

H2O 72.3 53.6 18.7 

CH2I2 50.3 1.3 49.5 

FCS 66.8 - - 

 

4.6 Investigations of mechanical properties 

Mechanical testing is an important part in the characterisation of engineering materials. While 

microstructural analysis is implemented to identify the elemental composition and potential phases 

present, mechanical testing determines the actual behaviour of a material under various loads and 

forces. These tests reveal key mechanical properties ² such as hardness, ductility and strength ² that 

govern a material's performance in structural applications and are essential to generate an 

understanding about alloy design and development. 

4.6.1 Hardness testing 

 

Figure 4-7: Schematic illustration of the Vickers hardness testing method with the resulting indent highlighted in orange254. 

A common initial method to testing a material with unknown properties is to determine its 

hardness. The hardness ² or microhardness, depending on the load and the scale of the tested 

microstructure and its composition ² is not only an important property itself, but also serves as an 

estimate for other material characteristics, such as observations regarding brittle or ductile behaviour 

and/or crack formation255.  

While there exist several techniques to determine hardness values in general ² depending on 

the material to be tested and hardness to be expected ² the principle after Vickers is briefly explained 

below as it was the method used in the course of the investigations. This method uses a defined 

square-based diamond pyramid to create an indent in the samples surface by applying a set force 

(1-120 kilograms-force, kgf) over a set time (10-15 sec.), which is subsequently measured and used 

to calculate the Vickers hardness number254. The schematic testing setup and the resulting square-
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shaped indent are depicted in Figure 4-7. The following equation is used to calculate said number in 

relation to the applied load and the diagonal length of the indentation: 

 

Vickers hardness calculation (6
ςϽ0ϽÓÉÎ

ρσφ
ς

Ä

ρȢψυττϽ0

Ä
 (17) 

 

Here, P is the indentation load in kgf and d is the mean diagonal length of the indentation in 

mm. For a complete description of the test procedure, the load used is also specified in the result 

(cf. HV10 if a force of 10 kgf is applied)254. In more recent publications, the Vickers hardness is often 

converted from the unit-less number to GPa (1 kgf/mm2 ~ 9.81 MPa)256 for better comparability. 

All hardness tests in this dissertation were performed with a load of HV0.1 on the automatic 

hardness tester VH3000 (Wilson/Buehler, Esslingen, Germany), calculated with the built-in software 

DiaMetµ and evaluated in accordance with the standard257. Depending on the sample size, the testing 

process involved automatically positioning 30-40 Vickers indents at a minimum distance of 2.5 times 

the indentation diagonal ² 0.5 mm spacing in x-direction and 1 mm spacing in y-direction, to be 

precise ² on the surface, for the overall hardness measurements.  

In addition, grain-specific (8-16 grains per sample) hardness testing was conducted on the 

polished and etched AH samples by placing arrays of 4-9 indents, depending on grain size. 

Subsequently, the samples were examined using SEM-EBSD in the FEI SCIOS, and the underlying 

grain orientations were correlated with the measured hardness values through the crystal orientation 

feature in the OIM analysisµ software. The evaluation parameters were defined for a Ʃ-Ti unit cell, 

and the associated lattice rotation was mapped to a coordinate system aligned with the directional 

vector <001> on the [001] crystallographic plane, which was color-coded accordingly. 

4.6.2 Uniaxial compression testing at RT 

Applying a constantly increasing compressive load to a sample material and carefully observing 

its deformation behaviour yields a wealth of information that is crucial for characterising and 

understanding the mechanical properties of it. Obtainable data during such experiments include basic 

observations, such as ductile deformability or brittle failure, uniform deformation or abrupt changes, 

cracking or shearing, as well as more complex characteristics, such as the compressive yield 

strength, the amount of elastic and plastic deformation or the compressive strength. Compression 

tests are commonly performed using universal testing machines equipped with adequate 

compression test tools (compression platens), a calibrated load cell and displacement sensors. 

Additionally, to obtain more precise data ² and to compensate for the deformation of the load frame, 

the crosshead and the testing equipment ² the testing machines are typically equipped with a sensor 

to measure the actual displacement of the sample, either via contact or via optical measurement254. 
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Figure 4-8: Schematic compressive stress compressive strain curve with relevant parameters, according to the 

literature254,258. 

Typical metallic compression specimens are usually cylindrical or cube-shaped, with a defined 

height (h0) and diameter (d0) in mm and an aspect ratio of ρ ς, according to the standard258. 

The test specimens are subjected to a constant load (F) in N during the tests, and the compression 

is monitored over time, resulting in a load-displacement curve. Subsequently, the results are 

converted into the normalised and material specific quantities compressive stress (ƺc) in MPa and 

compressive strain (Ƭc) in % using the following equations: 

 

Sample area !ȟ ʌϽÒ 

 

(18) 
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Compressive strain ʀ
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 (20) 

 

The data obtained in this way can then be plotted as a compressive stress-strain curve and 

further analysis, such as the determination of the elastic and plastic deformation, the compressive 
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yield strength (ƺƪ c) in MPa, the 0.2 % offset compressive yield strength (ƺ0.2, c) in MPa, the maximum 

compressive strength (ƺm c) ² determined within a defined straining range ² in MPa and the maximum 

elastic compression (Ƭel c) until ƺ0.2, c is reached in %, as well as other parameters254,258. 

All compression tests were performed at RT on the alloys in the AC and the AH condition and 

according to the abovementioned standards258. For this purpose, cylindrical specimens with a height 

of 3 mm and a diameter of 1.8 mm were cut by EDM from representative centre regions of either 

the button-shaped samples produced or the bulk samples after HT. The surfaces of the samples 

affected by the EDM process were removed by lapping using a suspension of fine-grained quartz 

sand and ethanol, stirred with a magnetic stirrer and an agitator for 5 hrs. All samples then showed 

shiny metallic surfaces and were measured/ checked again before the tests for accuracy. The 

compression tests were performed using an electro-mechanical universal testing machine (Z100, 

ZwickRoell GmbH & Co. KG, Ulm, Germany) at a constant crosshead speed corresponding to an 

initial (engineering) strain rate of ʀ ρπ Ó  and the compressive yield stresses were determined 

by the 0.2 % offset method. The characteristic values were subsequently determined and analysed 

using Origin Pro 2023 software. 

4.6.3 3-point bending testing at RT 

 

Figure 4-9: 3-Point bending test setup with the relevant dimensions for evaluation. 

In principle, static bending tests are more common for ceramics and brittle materials in general, 

as well as polymers and composites (cf. delamination behaviour and similar effects), than for metallic 

materials and the corresponding testing methodologies often differ from one another as a result. The 

following section will examine the 3-point bending test on metallic materials in more detail. Flexural 

testing on materials can be utilised to gain further insights into the deformation behaviour of a sample 

under a mixed stress state (combination of compressive and tensile stresses) and is therefore a 

good addition to the compression tests performed. Moreover, real-life loading conditions are often 

present as bending stresses, especially in the field of biomedical implant materials, thus making it 

particularly interesting259. The tests are usually also performed on universal testing machines, 

however, equipped with a bending device with two supports (rolls or similar) on the bottom and a 
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bending punch on the top. The dimensions of the device depend on the sample size to be tested, 

which in turn is defined in the standard 260.  

The execution of the test can either be realised until a specific bending angle is reached at a 

certain force, or the sample legs are parallel (with a defined distance under a specified load), or the 

sample legs touch (under a specified load)260. At this point, it should be added that the standards 

regarding bending tests on metallic materials are not entirely comprehensive and therefore leave 

some room for interpretation, particularly when evaluating the results. Similar to the compression 

test, a load-displacement curve is recorded during the procedure, however, the results are 

subsequently evaluated according to a specific sequence of steps, starting with the determination of 

the flexural section modulus (Mfs) in mm3 as follows261,262 : 
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Here, the second moment of area of the rectangular bending specimen (I) in mm4 must be 

calculated using its width (w) and height (h), as well as the distance between the extreme (tension 

or compression) fibre and the neutral fibre (dmax) in mm, which is calculated by halving the height of 

the beam. The dimensions required for determining the characteristic values can be found in the 

schematic representation in Figure 4-9. The equations used here refer specifically to rectangular 

cross-sections and the assumption that the bending moment acts around the horizontal axis through 

the centre of the beam262. Next, the bending moment (Mb) in NÖmm must be determined to calculate 

the overall flexural stress (ƺb) in N/mm2 262,263. 
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with F as applied force and Lb as length of the flexural specimen. 

In order to generate a comparable flexural stress-flexural strain plot, the straining (Ƭb) of the 

bending beam during testing in % is calculated as follows264: 
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Flexural strain ʀ
φππÂÈ

,
 (26) 

 

where b1 is the deflection of the sample in mm, h is the sample height in mm and LS is the distance 

between the supports in mm. Characteristic values such as the elastic and plastic deflection in %, 

the flexural yield strength (ƺƪ b) in MPa, the 0.2 % offset flexural yield strength (ƺ0.2, b) in MPa, the 

maximum flexural stress (ƺm b) ² determined within a defined straining range ² in MPa and the 

maximum elastic deflection (Ƭel b) until ƺ0.2, b is reached in %, as well as other parameters can be 

distinguished from the resulting ƺb-Ƭb-graph. 

The flexural modulus (Eb) of a bending beam during elastic deformation in GPa can be calculated 

using the subsequent formula261,264: 

 

Flexural modulus %
, 8 8

τÂ×È
 (27) 

 

with X0 as the starting point of the flexural modulus determination (in relation to the force applied) 

in N, X1 as the end point of the determination in N, bX as deflection between the points X0 and X1 in 

mm, the sample width (w) in mm and the sample height (h) in mm. 

Similar to the compression tests, all 3-point bending tests were performed at RT on the alloys 

in the AC and the AH condition and in accordance with the standard260. The micro bending beams 

with the dimensions of 18 × 2 × 2 mm (length × width × height) were obtained from representative 

sections of the bulk samples and cut to dimensions via EDM. Prior to testing, all specimens were 

cleaned, and the residual EDM surface layer was gradually removed using SiC paper (up to 4000 

grit) until a defect free and shiny metallic surface was achieved. The bending tests were carried out 

at a constant crosshead speed of 0.5 mm/min using either a tensile/ compression stage, equipped 

with 3-point bending clamps (CT500, Deben UK Ltd., Woolpit, UK) with a maximum load rating of 

500 N (TNT alloys) or in a custom made 3-point bending setup for a universal testing machine 

(TIRAtest 2825, TIRA GmbH, Schalkau, Germany), manufactured to the same standards and capable 

of higher loads (alloy TAV). All samples tested were deflected to ~ 15 % deformation in order to gain 

sufficient insight into elastic and plastic deformability. The determination of further characteristic 

values from the standard260 (i.e. specific bending angles) or complete folding was omitted, as the 

focus was on determining the modulus and flexural yield strength, as well as comparability with the 

compression tests. 

4.7 Biocompatibility assessment 

The following procedures were implemented in the course of this work to assess the potential 

compatibility between the alloys developed and living organisms, such as cells or bacteria. The aim 

was to carry out a portfolio of experiments that would deliver concise results and be scientifically 

established, thereby allowing for easy comparison with other biomaterials. All methods were carried 

out in accordance with EN ISO 10993 ­Biological evaluation of medical devices® in general, however, 

the specific parts of the standard are cited in the relevant places. Moreover, all tests were performed 
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on multiple platelets of the alloys developed in AC and AH condition, as well as the elemental 

materials (Ta, Nb, Ti) and TAV as reference alloy, which were prepared utilising the procedures 

described above, unless explicitly stated otherwise. For clarification it should be added here that, for 

the sake of simplicity, the term ­the sample® ² e.g. the TNT AC sample performs worse than the TNT 

AH sample ² is often used in the following, which however refers to a cohort of samples from the 

respective material. 

4.7.1 Monocyte response analysis 

In general, monocyte response tests evaluate how monocytic cells react to materials, when 

being in direct contact to them. The response occurs in the form of pro-inflammatory cytokine 

production (i.e. TNF-ƨ, IL-1Ʃ, IL-6 and IL-8), which can be measured and evaluated. 

The inflammatory studies performed in this work were carried out in vitro using human acute 

monocytic leukaemia-derived Mono-mac-6 (MM6) cells, which were cultured in a density of 0.5Ͻ106 

in 100 µL and seeded on the surfaces of the platelets for 24 h in accordance with DIN EN ISO 10933-

534. Subsequently, the cells were lysed using TRIZolµ reagent (Invitrogen, Thermo Fisher Scientific, 

Waltham, MA, USA) and ribonucleic acid (RNA) was extracted for quantitative reverse-transcription 

polymerase chain reaction (RT-PCR) analysis. Following, one nanogram of total RNA from each 

sample was reverse transcribed into complementary deoxyribonucleic acid (cDNA) utilising the High-

capacity cDNA Reverse Transcription Kit (Applied Bioysystemsµ, Thermo Fisher Scientific, Waltham, 

MA, USA) with random primers. Quantitative PCR was then performed using SYBRµ Green in the 

QuantStudio 6 system (Thermo Fisher Scientific, Waltham, MA, USA). The primers used at an 

annealing temperature of 60 °C are listed in Table 4-3 below: 

Table 4-3: List of inflammatory markers (cytokines) and according primers used for quantitative PCR. 

Inflammatory marker Abbreviation Primer sequence 

human interleukin-1Ʃ 
hIL-1Ʃ_For ACAGATGAAGTGCTCCTTCCA 

hIL-1Ʃ_Rev GTCGGAGATTCGTAGCTGGAT 

human tumor necrosis factor-ƨ 
hTNF-ƨ_For CAGCCTCTTCTCCTTCCTGAT 

hTNF-ƨ_Rev GCCAGAGGGCTGATTAGAGA 

human Transforming Growth 

Factor beta 

hTGF-Ʃ_For CTCGCCAGAGTGGTTATCTT 

hTGF-Ʃ_Rev AGTGTGTTATCCCTGCTGTCA 

human fibronectin 
hFN_For CCACCCCCATAAGGCATAGG 

hFN_Rev GTAGGGGTCAAAGCACGAGTCATC 

human Glyceraldehyde-3-

phosphate dehydrogenase 

hGAPDH_For CCCACTCCTCCACCTTTGAC 

hGAPDH_Rev AGCCAAATTCGTTGTCATACCAG 

 

4.7.2  Adhesion, proliferation and mineralisation of osteoblast cells 

To further understand how well cells interact with the newly developed alloys, adhesion and 

mineralisation experiments following established protocols34 were conducted in vitro. Osteoblasts 

(bone-forming cells) were used in these tests to ensure the obtained results could be directly 

compared with existing research in the literature.  
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The procedures were carried out as follows: For the attachment experiments, SaOs-2 cells 

derived from human osteosarcoma were seeded onto the sample platelets at a density of 0.5Ͻ105 

cells per well in a 24-well plate. After incubation, the platelets were washed and subsequently fixed 

with formaldehyde. Following, the samples were stained with 4ǋ,6-diamidin-2-phenylindol (DAPI) and 

Phalloidin. Imaging was performed using a Zeiss fluorescence microscope (Axio Observer.Z1, Zeiss, 

Jena, Germany) at 630× magnification, detecting the fluorescence of Phalloidin (red) and DAPI (blue). 

The former was used to identify the cytoskeleton of the cells, while the latter marked the nuclei of 

the osteoblasts. At least 6 images per sample were captured to ensure statistical reliability and 

subsequently evaluated in terms of area fraction of stained nuclei compared to the total area using 

the software ImageJ. This was conducted in order to generate a quantitative statement about the 

adhesion of the cells on the sample®s surfaces. A cover glass containing no sample and only the 

seeded cells was used as control of the experiment. 

The mineralisation of the SaOs-2 cells was investigated using the same set-up (seeding on 

platelets with cell density of 0.5Ͻ105 in 24-well plate), however, the cells were subsequently cultured 

in osteogenic medium ³ consisting of Dulbecco®s Modified Eagle Medium (DMEM) supplemented 

with 0.2 mM ascorbic acid (C6H8O6), 10 mM glycerol phosphate (CϝHϠ(OH)ϜOPOϝ²ϖ), and 10 mM 

dexamethasone (C22H29FO5) ³ for 10 days, with the medium being replaced every three days. After 

removing the medium, the osteoblast cells were fixed with 4 % paraformaldehyde (PFA) for 30 

minutes and washed with distilled water. Staining was performed using Alizarin Red S solution (2 g 

Alizarin Red S dissolved in 100 ml distilled water at pH 4) for 45 minutes. Destaining was carried out 

with 50 Ƴl cetylpyridinium chloride (CPC). After an incubation period of 5²10 minutes, the solution 

was transferred to a 96-well microplate, and absorbance was measured at 540 nm using an Infinite 

F200 Pro plate reader (Tecan Group AG, Maennedorf, Switzerland). A well containing only the seeded 

cells and another well containing the cells and mineralisation medium were used as controls of the 

process.  

4.7.3 Bacterial assessment 

To elucidate the interactions between bacteria and the TNT alloys, investigations using the 

established Gram-negative E. coli and Gram-positive S. capitis species were conducted.  

The E. coli (K-12) bacteria were grown overnight in lysogeny broth (LB) medium at 37 °C under 

shaking at 150 rpm. From this overnight culture, a bacterial suspension with an optical density (OD) 

of 1 was prepared. The sample platelets were inoculated at a 1:10000 dilution using E. coli bacteria 

from the overnight culture in 1 ml of LB medium. After incubating at 37 °C for 24 hours, the samples 

were washed twice with phosphate buffered saline (PBS) and then transferred into 1 ml of fresh 

tryptic soy broth (TSB) medium, which was replaced every second day. The platelets were further 

incubated under the described conditions for 7 days. After the incubation period, the samples were 

washed twice with PBS, fixated with 4 % formaldehyde and washed twice again. 

The S. capitis bacteria were also grown overnight, however, using TSB medium at 37 °C under 

shaking at 150 rpm. Following, a bacterial suspension with an OD of 1 was prepared from the 

overnight culture and an inoculation with 1:10000 diluted S. capitis bacteria in 1 ml of TSB medium 

was performed on the platelets, subsequently. After incubating at 37 °C for 24 hours, the samples 

were washed twice with PBS and then transferred into 1 ml of fresh TSB medium, which was then 

replaced every second day. The samples were further incubated under the same conditions for 7 
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days. Prior to and following fixation with 4 % formaldehyde, the samples were washed twice with 

PBS. 

For the subsequent analysis, both E. coli and S. capitis bacteria, adhered to the sample®s 

surfaces were stained with DAPI and investigated using a fluorescence microscope (Axio 

Observer.Z1, Zeiss, Jena, Germany). For each sample, five images were captured and the area 

exhibiting blue fluorescence was quantified using the image processing software ImageJ, with the 

arithmetic mean calculated across all images. Additionally, the OD of the bacteria in the liquid medium 

was analysed. 

4.7.4 Galleria mellonella larvae trials 

The G. mellonella infection model was used as first proof of concept to demonstrate that the 

alloys developed also function in a more complex in vivo environment ² as schematically depicted in 

Figure 4-10. The S. capitis bacteria used in the trials were cultured in the same way as described 

above. The larvae were obtained from a specialist retailer and maintained in an incubator at 30 °C on 

an artificial diet. 4 larvae at the latest instar stage (200-250 mg weight) were used for each 

experiment. 

 

Figure 4-10: Breakdown of G. mellonella larvae trials showing the different control groups/ test cohort and the expected 

(schematic) skin pigmentation of dying specimens. 

For implantation, rods with a diameter of 0.8 mm and a length of 4-5 mm were prepared from 

the TNT alloys via EDM and subsequently ground and polished to a shiny surface condition. In 

addition, orthopaedic TAV wire was used as positive (with bacteria) and negative (without bacteria) 

control sample, which were cut to the same length and showed similar surface conditions. All rods 

were sharpened at the same angle using a custom-made sample holder for easier insertion. Prior to 

implantation, the TNT alloy rods, as well as the positive TAV rod were inoculated 1:100 with bacteria. 

The operation was performed by two persons: while one researcher secured the larvae, the other 

used metal tweezers to insert the sample rods. To reduce tissue damage and ensure proper 

penetration, the implants were positioned at segmented regions where the cuticle demonstrates 

reduced thickness (which was then used to pierce trough and position the implant). In order to 
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monitor the positioning of the implant within the larvae, exemplary specimens were analysed in a 

micro-computed tomography (µ-CT) scanner (Nanotom® S, GE Phoenix / Waygate Technologies, 

Wunstorf, Germany). 

Following the procedure, all specimens were transferred to Petri dishes with artificial diet and 

maintained at RT. Monitoring continued for up to 6 days or until pupation and moth emergence 

occurred, with particular attention to behavioural changes and survival rates that might indicate metal 

toxicity. The success of implantation and biocompatibility assessment relied on evaluating wound 

healing responses and melanisation patterns at the insertion site ² i.e. signs of darkening around the 

implantation ² specifically monitoring for hemolymph leakage, pus formation, and alterations in skin 

pigmentation (i.e. overall melanisation). The procedure implemented is described in more detail by 

Mannala et al.74 and was also utilised by Büssemaker at al.47 thus being used as ­standard procedure® 

here. The implant alloy specific survival rate of the larvae over time was subsequently evaluated and 

compared. The control and reference samples for each of the test cohorts were larvae without 

implants (simply denoted as control) and larvae with implants made of clean TAV as well as bacteria-

infused TAV (TAV- and TAV+, respectively). 

4.7.5 Statistical analysis of the biocompatibility investigations 

All cell and bacteria related experiments were repeated at least 5-6 times, to generate 

statistically valid results. All errors shown in the comparisons of the data are expressed as ± standard 

deviation (SD) or as standard error of the mean (sem). If presented, statistical significance was 

determined using either the Friedman test or ANOVA, with a p-value of less than 0.05 as criteria for 

statistical significance. Subsequently, Dunnett®s multiple comparison test was performed to compare 

the experimental groups against the reference control group. If present, significant correlations are 

grouped in the graphs, denoted depending on their adjusted p-values ² corrected for multiple 

comparisons using the respective post-hoc test ² and indicated below the respective illustration. The 

statistical analysis was performed using the software GraphPad Prism (GraphPad Software, Version 

8, San Diego, CA, USA). 

4.8 Electrochemical investigations  

Corrosion plays an important role for the usability of biomedical materials and influences the 

interactions between an implant and the surrounding tissue in general9. In order to generate a basic 

understanding of potential degradation mechanisms, the following electrochemical investigations 

were performed on the TNT-type alloys. The general method implemented was potentiostatic linear 

sweep voltammetry (LSV), which is commonly used to characterise the redox potential of a material 

as well as other kinetically and diffusion/ concentration related parameters265. Moreover, it can be 

used to evaluate the passivity of an alloy thus indicating its ability to resist corrosion in a specific 

environment266. The setup of the experiment as shown in Figure 4-11 a) consists of a working 

electrode (WE) (i.e. the sample to be tested), a reference electrode (RE) with known potential and a 

counter electrode (CE) to close the circuit, which are immersed in an electrolyte and controlled via 

the potentiostat.  
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Figure 4-11: a) Basic testing setup for LSV; b) Resulting current-potential-plot (voltammogram) as well as Tafel plot in the 

inset with marked slopes and parameters267,268. 

Before the sweep test, the open circuit potential (OCP) in V of the sample is measured in the 

absence of an external current. It represents the natural electrochemical state of the sample in a 

given electrolyte and is used as a baseline value for subsequent polarisation measurements269. During 

the test, the voltage is continuously increased while the current (I) in A at the working electrode is 

measured267. The resulting current-potential-curve or voltammogram (Figure 4-11 b) and the shape 

of it provides information about electron adsorption (decreasing current) or discharge (increasing 

current), the type of electrochemical reaction, its reaction kinetics and potential peak currents. The 

data is then evaluated using the Tafel-equation268 and plotted to determine characteristic values, such 

as the corrosion potential (Ecorr) in V, the corrosion current density (Jcorr) in AϽcm-2 and the corrosion 

current density at a voltage of 100 mV (J100) in AϽcm-2 268. Here, the Ecorr is the potential at which the 

anodic and cathodic reaction rates are equal, and higher values indicate whether a material is 

generally more noble (i.e. more corrosion resistant)270 . The Jcorr in contrast is the current per unit 

area at the Ecorr, which is directly proportional to the materials corrosion rate and thus indicates 

enhanced corrosion resistance, if lower265,270. The J100 is accordingly the equivalent, however, not 

measured at Ecorr, but at a fixed applied potential of 100 mV. 

The corrosion tests discussed in this work were conducted on alloy TNT in both AC and AH 

condition, as well as TAV in annealed condition as standard. The specimens for testing ² consisting 

of 3 samples per alloy ² were EDM cut platelets the dimensions of approx. 5×5×3 mm (length × 

width × height), which were cleaned after EDM using gradually finer SiC paper. Subsequently, the 

samples were contact welded to a wire (for later contacting in the electrochemical cell), embedded 

in non-conductive epoxy resin and prepared to a mirror-like surface (after OP polishing) using the 

methods described in 4.3. The measurement procedure as such consisted of cathodic cleaning of 

the samples at -0.9 V for 10 min, followed by an OCP measurement for 2 h and the LSV analysis 

from -0.25 to 1.25 V vs. the measured OCP in an 0.9 % NaCl electrolyte at RT. All samples were 

repeatedly tested 9 times to generate sufficient statistics and the results (i.e. comparison of OCP, 

progression of voltammogram and Tafel parameter) were prepared and analysed as described above, 

using the software Nova (Version 2.1.5, Metrohm Autolab B.V., Utrecht, The Netherlands). 
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5 Experimental results and their interpretation 

5.1 Theoretical aspects of the Ta-Nb-Ti system 

5.1.1 From phase diagrams to HEA predictions 

When computing the binary phase diagrams of the constituents Ta, Nb and Ti (Figure 5-1) it is 

noticeable that the compositions Ta-Ti and Nb-Ti differ significantly from the composition Ta-Nb: 

While the latter demonstrates complete miscibility over the entire compositional and temperature 

range, the Ti-containing systems exhibit miscibility gaps across certain concentrations at RT271. 

Interestingly, however, a concentration dependent temperature gradient exists above which the 

formation of a complete bcc ss (b) is thermodynamically more favourable than the phase separation 

into hcp + bcc (a + b) at lower temperatures. This can be traced back to the contribution of 

temperature to the Gibbs equation (1) thus enhancing the entropy term (TDSmix) and stabilising the 

b-phase272. 

 

Figure 5-1: Binary Ta-Ti, Nb-Ta and Ti-Nb phase diagrams and isothermal section of the Ta-Nb-Ti phase diagram at 800 °C, 

showing the compositions of the alloys examined (purple symbols) ² calculated using PanPhaseDiagram software. 

Logically, this is a metastable condition due to its temperature dependence, and the ss phase 

transforms back into its individual phases upon cooling, resulting in a multi-phase microstructure at 
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RT. Accordingly, heat treatment procedures involving quenching are inevitable in the binary systems 

to control the phase composition and to retain b-phase at RT. Moreover, as a step away from binary 

and towards ternary systems, alloying elements (b-stabilisers) can be added to suppress the b to a 

transformation thus resulting in metastable b-phase at low temperatures10. 

Considering the elements Ta, Nb and Ti in a ternary system, similar observations as 

abovementioned can be made: A phase separation consisting of b-ss, a + b miscibility gap and Ti-

rich a-phase is present at lower temperatures. Said mixed a + b phase region spans across a 

considerable area of the isothermal section of the ternary phase diagram at 673 K, as Marker et al.273 

have demonstrated utilising the CALPHAD approach. Predictions for the calculated Ta-Nb-Ti system 

at higher temperatures, however, confirm the miscibility of the individual components again, as the 

b-ss phase field expands continuously until almost complete miscibility is reached at 800 °C (see 

isothermal section in Figure 5-1). Although conventional phase formation rules predict the same 

reverse-transformation during cooling as mentioned for the binary Ti-containing systems, it is 

nevertheless confirmed that a ss phase consisting of all three constituent elements can be formed 

(without the presence of im compounds). 

Based on these calculations and the idea of investigating an equimolar composition as a starting 

point for multicomponent systems, the phase prediction rules and further parameters adapted from 

HEAs (cf. equations (1)-(5)) were implemented subsequently. Furthermore, the equimolar Ta-Nb-Ti 

alloy was supplemented with compositions containing 10, 50 and 70 at. % Ti (Ta and Nb balanced) 

in order to investigate the effects of titanium content on phase formation, mechanical properties and 

biocompatibility. An overview of the compositions investigated as well as the calculated parameters 

is given in Table 5-1. To avoid confusion and misconceptions, it should be emphasised at this point 

that the alloying compositions examined in this thesis technically do not fall under the definition of a 

HEA. This becomes evident when comparing the alloys with the definitions in Chapter 2.2.1, as 

neither the number of constituents nor their DSmix is sufficient. First, however, when scanning the 

literature, it becomes evident that the HEA community is generally not 100 % agreed on the specific 

definitions (cf.23) and second, despite these deviations, the corresponding equations still provide 

valuable results in terms of phase stability prediction and add to the overall understanding of the 

system investigated thus making a possible transition to more complex compositions easier in the 

future. 

Table 5-1: Nomenclature and composition of the alloys investigated, as well as the calculated HEA parameters entropy of 

mixing (ƌSmix), enthalpy of mixing (ƌHmix), difference of atomic radii (ƫ) and ss prediction (Џ). 

Nomenclature Composition, 

at. % 

DG273, 

kJÖmol-1 

DSmix, 

JÖK-1Ömol-1 

DHmix, 

kJÖmol-1 

ƫr, 

% 

Ơ 

TN-10T Ta45ȤNb45ȤTi10 -2 7.9 0.5 1.0 42.5 

TNT Ta33.3ȤNb33.3ȤTi33.3 -1 9.1 1.3 1.5 18.3 

TN-50T Ta25ȤNb25ȤTi50 -1 8.6 1.5 1.6 14.3 

TN-70T Ta15ȤNb15ȤTi70 -1 6.8 1.3 1.5 12.2 

 

When compared to the literature94,274, the results of the TNT alloys (see Table 5-1) meet the 

criteria for single-phase stability sufficiently well: Comparably high values of DSmix in combination 

with a low DHmix reduce the total free energy of the system thus supporting the formation of a ss 
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phase. The former can be nicely visualised when calculating the entropy of mixing of binary, as well 

as ternary combinations within the Ta-Nb-Ti system and extrapolate them over complete 

compositional range as it is displayed in Figure 5-2. The graph clearly shows that binary entropy 

maxima occur above 50 % mixtures, while the ternary maximum lies above the 33.3 % mixture of all 

three components. Moreover, the difference in atomic radii (ƫr) is within a range for all alloy 

compositions that suggests preferred formation of disordered solid solutions ² as opposed to the 

formation of intermetallic or amorphous phases231. 

 

Figure 5-2: Calculated concentration-dependent entropy of mixing (DSmix) for the ternary Ta-Nb-Ti system. 

Also, the solid solution prediction parameter Ơ is significantly higher than 1 for each calculated 

composition, leading to a more dominant contribution of TDSmix to the free energy of the system and 

thus to an enhanced ss formation probability. In addition, especially the correlation between atomic 

radii variance and solid solution prediction significantly influences phase formation, with literature28 

proposing ƫr  6.6 % and Ơ  1.1 as criteria ² both aligning well with the calculated results. The 

computed DHmix-ƫr field diagram in Figure 5-3 shows that all compositions are situated in the area of 

ss prediction with considerable distance from the range of potential im phase formation and is 

therefore in good agreement with the individual calculations and predictions.  

Furthermore, as described in the theory above, the number and fraction of alloying elements 

strongly influences the result of the Gibbs energy and thus the phase stability in a way, that is more 

dominant than the change of temperature. When calculating the DG for the alloys developed in 

kJÖmol-1 over a temperature range from 273 K (0 °C) to their theoretical melting temperatures, the 

results start from negative values and continue to fall steadily (exemplary values for DG at 273 K 

depicted in Table 5-1 as DG273). These negative values for DG at comparably low temperatures 

provide a clear indication that the formation of a stable ss phase is thermodynamically supported at 

RT, which nicely expands the findings obtained from the binary phase diagrams. A detailed overview 

of the calculated results for the enthalpy and entropy, the theoretical melting temperatures (Tm theo.) 
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and the Gibbs free energy at 273 K and at the corresponding melting temperature (Tm) of the alloys, 

as well as a graph illustrating the latter, are provided in appendix A 1). 

 

Figure 5-3: Calculated entropy of mixing (DHmix) ² atomic radii variance (ƫr) field diagram for phase prediction. 

5.1.2 Theoretical considerations adapted from b-titanium alloys 

Given the importance of titanium in the context of this study, phase stability estimates from 

theoretical Ti-alloy development were applied. This served two purposes: to compare with previous 

calculations for potential discrepancies, and to enable more accurate predictions of how variations 

in Ti content affect phase transformations. The alloy compositions in wt. % (in order to determine 

the molybdenum equivalent), the calculated results of the adapted Moeq (9), the bond order Bo and 

the d-orbital energy level Md are depicted in Table 5-2. All values are significantly greater than 10 

and therefore suggest a stable bcc Ʃ-type phase formation in general29. Moreover, according to Ballor 

et al.219, alloy TN-10T, TNT and TN-50T should primarily undergo plastic deformation via dislocation 

slip, however, alloy TN-70T ² which, at 13.2, has the lowest Moeq value of all alloys ² is predicted to 

exhibit deformation twinning behaviour. 

Table 5-2: Nominal alloy compositions in wt. %, along with the corresponding calculated molybdenum equivalent (Moeq), 

bond order (Bo), and d-orbital energy level (Md) values29,220; parameters for binary combinations sourced from Ballor et 

al.219. 

Alloy Ta, wt. % Nb, wt. % Ti, wt. % MoEq. Bo Md 

TN-10T 63 33 4 23.1 3.09 2.47 

TNT 56 29 15 20.5 3.02 2.47 

TN-50T 49 25 26 17.8 2.96 2.46 

TN-70T 36 19 45 13.2 2.89 2.46 

 

The calculated Bo and Md parameters further confirm these assumptions, which can be obtained 

from the plot in Figure 5-4. The visualisation here is derived from the model described in chapter 
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3.2.4, however, adjusted towards the elements Ta, Nb and Ti, and the alloys produced, as well as 

simplified for better comprehensibility. The results nicely show the location of the bcc elements in 

the stable Ʃ-type phase region, while the hcp Ti lies below the phase border. The TNT-type alloys 

are situated in between the hypothetical triangle that can be drawn between the elemental 

constituents, with all alloys besides TN-70T showing clear results for a stable Ʃ-phase predictability. 

This is due to the high concentration of the isomorphous stabilisers Nb and Ta in these alloying 

compositions221. The high-Ti containing alloy TN-70T is located just above the dotted line, which 

represents the approximate transition from the stable b-phase to the metastable b-w region. In this 

case, the phase formation cannot be determined as valid compared to the compositions containing 

less Ti. Furthermore, this is the first theoretical parameter of all methods utilised that exhibits some 

uncertainty regarding the actual phase prediction and thus encourages validation via experiments. In 

addition to phase-related information, the Bo-Md correlation is also suitable for estimating the 

resulting dominant deformation mechanisms of alloys221. Accordingly, deformation via dislocation 

slip is predicted for alloys TN-10T, TNT and TN-50T, whereas alloy TN-70T might exhibit mixed 

deformation behaviour including twinning deformation. 

 

Figure 5-4: Correlation of bond order parameter (Bo) and d-orbital energy (Md) level for phase and deformation mechanism 

prediction of the alloys. 

5.1.3 Summary of the theoretical considerations 

In conclusion, all theoretical methods for phase prediction implemented (binary and ternary 

phase diagrams, phase formation rules adapted from HEAs, phase stabilisation prediction from Ʃ-Ti 

alloys) lead to a similar assumption: A stable ss phase consisting of all three elements is achievable 

at RT. The only exception to this is the Bo-Md plot, which shows some uncertainty regarding alloy 

TN-70T and does not completely rule out a possible phase transformation and different primary 

deformation mechanism. It is noteworthy, however, that although the theoretical computations are 

in good agreement, especially deformation induced phase transformations might still occur in Ʃ-type 
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alloys and the mechanisms as well as exact parameters have either not yet been fully clarified or are 

difficult to determine ² due to complex compositional dependencies ² thus supporting the general 

need for experimental validation219. 

5.2 Elucidation of the present microstructures and transformations 

5.2.1 As-cast condition 

In order to analyse the microstructures of the samples after the melting process and to gain 

first insights into the microstructure evolution, 100 g button-shaped samples of the alloys were 

produced via arc melting and subsequently prepared as described in chapters 4.2 and 4.3. The 

weighing quantities of the individual elements for each composition were calculated using equations 

(10) and (11), as can be obtained from are depicted in Table 5-3. The values shown are rounded to 

the next integers for better readability, whereas the actual weigh-in procedure was carried out to 

four decimal places. Moreover, the nominal and actual compositions of the alloys produced in the 

AC state ² determined via EDS measurements ² are depicted and the results indicate good 

homogeneity of the samples in terms of chemical composition. In addition, the theoretical densities 

of the alloys show that the variation in titanium content is not only interesting in terms of phase 

stability and microstructure in general but also has a significant influence on the resulting weight and 

thus applicability of the alloys.  

Table 5-3: Weigh-in quantities of the elements Ta, Nb and Ti for the different alloys (scaled up to 100 g), nominal 

compositions (at. % n), actual compositions (at. % a) after arc melting (determined via EDS analysis) and theoretical density 

(Ƹt) in g/cm3. 

Alloy 

Ta Nb Ti 
Ƹt, 

g/cm3 
m, 

g 

at.% 

n 

at.% 

a 

m, 

g 

at.% 

n 

at.% 

a 

m, 

g 

at.% 

n 

at.% 

a 

TN-10T 63 45 43 ± 2 33 45 46 ± 6 4 10 11 ± 4 11.8 

TNT 56 33 30 ± 2 29 33 30 ± 5 15 33 40 ± 4 10.0 

TN-50T 49 25 24 ± 2 25 25 24 ± 5 26 50 52 ± 3 8.6 

TN-70T 36 15 13 ± 2 19 15 13 ± 4 45 70 74 ± 3 7.0 

 

When examining the resulting microstructures of the alloys after arc melting as shown in the 

BSE micrographs and EDS mappings (as well as in Appendix A 1 in more detail) in Figure 5-5 a), 

several key observations can be made.  

Firstly, a dendritic microstructure is present, which follows the same pattern for every alloy 

prepared: Ta enriched dendritic regions (blue), Ti enriched interdendritic areas (brown) and a 

relatively uniform distribution of Nb (yellow), with a tendency towards the Ti-rich interdendritic 

regions. The formation of the dendritic microstructure and Ti segregation in general can be attributed 

to the differences in melting temperatures among the alloying elements. Titanium, exhibiting the 

lowest melting point (~ 1660 °C), solidifies last during the arc melting process and is consequently 

enriched in the interdendritic regions due to its displacement by the advancing solidification front.  
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Figure 5-5: AC condition: a) Representative BSE micrographs and corresponding EDS mappings; b) EDS line-scan and 

element distribution corresponding to alloy TNT AC. 

In contrast, tantalum (~ 3017 °C) and niobium (~ 2470 °C), having significantly higher melting 

points, solidify earlier and predominantly form the dendritic cores119,148. The improved distribution of 

Nb is believed to be influenced by the generally strong bonding to Ti atoms during solidification, as 

well as possible Ti-Nb segregation effects, which are discussed in the literature275²277. EDS line scans 

Figure 5-5 b) confirmed the local differences in the distribution of alloying elements within the 
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microstructure, as well as the tendency of Nb to segregate towards the Ti-rich interdendritic region. 

The scan of alloy TNT has been chosen here as illustrative example, however, the corresponding 

results of the other alloys can be found in Appendix A 4. This segregation phenomenon has already 

been observed in previous publications and is in good agreement with the literature25,39. 

Secondly, the appearance of the dendritic structure slightly varies between the alloying 

compositions with the higher Ti-containing alloys TN-50T and TN-70T demonstrating more 

pronounced interdendritic areas, whereas the Ti-lean alloys (TNT and TN-10Ti) show more dominant 

dendritic structures. This again results from the different melting temperatures and quantities of the 

alloying elements; in short, a larger Ti-rich liquid phase yields more interdendritic regions upon 

solidification278. To quantify these observations, area measurements were performed on 6-14 

representative overview SEM images per alloy and evaluated using ImageJ software. The results in 

terms of dendritic fraction (DF), as well as interdendritic fraction (IF) in area % are as follows: 

DF = 80 ± 1.6 % and IF = 20 ± 1.6 % for alloy TN-10T AC, DF = 62 ± 3.1 % and IF = 38 ± 3.1 % for 

alloy TNT AC, DF = 61 ± 9 % and IF = 39 ± 9 % for alloy TN-50T AC and DF = 45 ± 3 % and 

IF = 55 ± 3 % (see appendix A 3 for more details). The obtainable trend from alloy TN-10T (more DF 

and less IF) to alloy TN-70T (less DF and more IF) is in good agreement with the qualitative 

observations from the micrographs. Although these values give a good indication of the composition-

specific DF and IF, it must be added here that due to the methodology and measurement uncertainty, 

they should not be regarded as absolute values.  

Lastly, the formation of the dendrites in terms of finer or coarser structures within the button-

shaped samples is not only due to variations in composition, but also location-dependent. In general, 

the same observations can be made for all solidified alloys in the water-cooled copper mould, as 

described above: The bottom region of the AC ingots displays a rather coarse-grained and distorted 

dendritic microstructure, while a more distinctive growth can be obtained from the mid (coarser) to 

the top (finer) region of the samples. This behaviour is attributed to the conditions during 

solidification in the arc melter or more specifically the fast heat transfer from the sample into the 

water-cooled copper crucible, thus restricting the dendrite growth279. While the dendrite arms in the 

top region are roughly 10 ² 20 µm apart, the measurement in the mid and bottom region is hardly 

possible due to the present morphology and is also influenced by alloying composition. Due to these 

uncertainties, overall dendrite arm spacing (DAS) measurements were not performed.  

It is noteworthy that the discussed observations of microstructure evolution are present in all 

alloys examined despite the careful and repeated remelting in small quantities. This leads to the 

conclusion that a uniform (elemental) microstructure in terms of the predicted ss phase formation ² 

and this is not to be confused with the general chemical homogeneity, which was sufficiently 

confirmed via EDS ² using conventional arc melting is not possible with these types of alloys 

containing high-melting refractory metals on a laboratory scale. 

5.2.2 Microstructure evolution during heat treatment and as-homogenised condition 

In order to eliminate the influence of the different melting temperatures and diffusivities of the 

constituents on alloy formation, a comprehensive heat treatment study was conducted. The aim here 

was to see whether the predicted ss formation is possible when the alloys are transformed into an 

equilibrium state, or if secondary phases and/or precipitations would form. In addition, the focus was 

on the influence of the different alloy compositions on phase development. Since the materials 
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analysed are new types of alloys and the corresponding parameters for the desired heat treatment 

are not available, 1200 °C, 1400 °C and a trial run at 1600 °C ² the latter of which is not shown in 

the manuscript due to microstructural impurities ² were adapted from similar systems in the 

literature85,88,280. 20, 50, 70 and 100 h were chosen as exposure times to obtain a detailed overview. 

The choice of furnace cooling after the heat treatment procedure is worth discussing. This approach 

differs from the more commonly used solution heat treatment and quenching strategy for these 

types of alloys, which typically involves quenching from the Ʃ-type bcc phase field followed by 

annealing281²283. The reason behind this lies within the potential competition between the stabilisation 

of a single-phase bcc ss, the formation of different ss having the same crystal structure or the 

formation of multiple phases with different crystal structures (i.e. bcc and hcp) upon solidification. 

Therefore, a cooling process under equilibrium conditions is the most suitable approach for 

investigating the actual phase formation and thus generating a valid experimental comparison with 

the theoretical calculations performed. 

Figure 5-6 illustrates the evolution of the microstructures after different annealing times. Both 

the heat treatment temperature and duration exert a significant influence on the resulting 

morphology. For Ti-rich alloys (TN-70T and, to a lesser extent, TN-50T), a temperature of 1200 °C 

is sufficient for homogenisation, which is attributed to the higher diffusivity of Ti in comparison to 

Nb and Ta284,285. TN-70T reaches complete homogenisation after 50 h at 1200 °C, while TN-50T 

requires 100 h. The results show that alloys with lower Ti content necessitate higher temperatures 

and extended durations, which is again believed to be mainly influenced by the reduced diffusivity285. 

TN-10T only exhibits full elemental uniformity after 70 to 100 h at 1400 °C, making it the most 

diffusion-retentive alloy in this study. The base alloy TNT demonstrates a high degree of 

homogenisation after 50 h at 1400 °C, though residual dendritic structures remain. Consequently, a 

heat treatment of 70 h at 1400 °C was selected. In summary, across all alloys assessed, a single-

phase microstructure was successfully produced through heat treatment and subsequent furnace 

cooling in equilibrium conditions thus confirming the theoretical calculations for the first time. A 

homogenisation of 70 h at 1400 °C yielded the most satisfactory outcome for all alloying 

compositions and is hereafter referred to as the ­as-homogenised® (AH) condition. The corresponding 

micrographs in this condition are marked in red in Figure 5-6. 

Lower temperatures or shorter durations resulted in inhomogeneous microstructures, while 

further increases in temperature or time provided no additional benefit and instead raised the risk of 

contamination and grain coarsening. Moreover, the heat treatment trial for 20 h at 1600 °C led to 

oxygen and nitrogen pick-up, resulting in the formation of Ti-nitrides and other impurities in the 

alloys TN-50T and TN-70T as well as potential uptake of interstitials in the alloys TN-10T and TNT, 

which is why they were excluded from further discussion and analysis. This clearly demonstrates 

the importance of process control and careful handling when processing refractory metal-based 

alloys (and Ti in particular). 
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Figure 5-6: Microstructure evolution of the alloys examined after different temperatures (1200 & 1400 °C) and different 

exposure times (20-100 h). 






































































































































































