Explorationof novel TaNb-Ti based multicomponent allog

for biomedical applications

Dissertation
zur Erlangung des akademischen Grades
Doktoringenieur

(Dr.-Ing.)

von Maximilian Regenberg, M.Sc.
geb. am 02.09.1992 in Furth (Bay.)
genehmigt durch die Fakultat fir Maschinenbau

der OttevonGuerickeUniversitat Magdeburg

Gutachterinnen:

Prof. Dr-Ing. habil. Manja Kriger

Prof. Dr. rernat Jessica Betrand

Promotionskolloquium am 17.03.2026






In memory ofmy grandfatherz Papaopa

- Who unfortunately did not live to see the
completion of thethesis






Abstract

Biomedical higlentropy alloys (bi¢t1EAS) 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 thaiallyptomplex compositions it is
difficult to assign specific properties to specific elemental comporterstsd thus to make
comprehensible adjustment§he aim of this work is to address this challenge by examining a
simplified ternary alloy system compdsof the biocompatible elements Ta, Nb, arfdr&ierred to
as TNHype alloyg across defined compositisrand establish a fundamental understanding of the
system as a basis for future alloying strategie$he compositions TFHEb-XTi
(x=10,33.3,50, 70 at. %) were chosen for the examinationsntat only analyse the equimolar
composition per se, but also to investigate the influence of titanium variations on the alloy properties.
Preliminaryhiermodynamic calculatiotmsed on thévinary compositions, thegrinciples of HEAs,
as well as TFalloyswere all in good agreement and predicted the theoretical formation of a single
phase microstructurtor all compositions. Subsequently, the alloys were synthesised ine#neg
which resulted in pronoundeadendritic microstructure§hrough a following hedteatment study,
the parameters for a complete homogenisatbrall compositionsand thus singlghase body
centred cubic (bcc) microstructuveere obtained. The microstructural evolution was characterised
and validated using optical microscopy, scanning electron microscopy (SEMjanditifaction
analysis (XRD) techniqueshe characterisation of the samples surfaces by mearterdbcal
microscopy after metallographic preparation yielded comparable (smooth) surfaces to reference
samples of pure Ta, Nb and Ti, as well as all®Al4V (TAV), which was a favourable starting point
for the subsequent biocompatibility trials. Morepthe mechanical properties of the Ftype alloys
wereevaluated through hardness testing, retamperature compression, anepdint bending on
microsamplesind compared to the reference alloy TAV. While all alloys showed pronounced plastic
deformabilitythe results indicated a strong correlation between the mechanical characteristics, the
Ticontent and the homogenisation conditions. Furthermaltealloys exhibited greater elastic
deformability and lower flexural moduli than the reference alloy, with the equimd&Tira
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 (Sa@} attaciment and subsequent mineralisation assay was performed,
which showed comparable results to the established TAV reference thus indicating no negative
influence of the TNiype alloys on the overall biocompatibilfyrthermore, the antibacterial
capacity of the alloys was assess#gE. coliandS. capitidacterian vitrg generally demonstrating
compositiordependent anthdhesive properties against both types of bacteria. In a next step, the
S. capitidrials were transferred to@.mellonelléarvae nedelin vivoand the previous resultould
be confirmed byreduced mortality rate of larvae compared to the reference HiA&lly basic
electrochemical investigations by means of potentiostatic measurements were performed in order
to gain an initial impression of the corrosion behaviour of thetypéTalloy compositions examined
and thus be able to draw conclusions about their biocompatible aratihative performance.



Kurzfassung

Biomedizinische Hochentropielegierungen -kH#s) sind aufgrund ihrer exzellenten
Biokompatibilitat, Korrosionsbesténdigkeit und mechanischen Eigenschaftenatteakdive
Materialklasse far biomedizinische Anwendungen. Die meist komplexen
Legierungszusammensetzungen dieser Werkstoffe erschweren jedoch die eindeutige Zuordnung
spezifischer Eigenschaften zu einzelnen Legierungselementen und damit eine gezielte
Legierungsanmsung.Das Ziel der vorliegenden Arbeit ist @s,dieser Stelle anzusetzen und ein
vereinfachtes ternares Legierungssystem aus den bickiilnlgn Elementen Ta, Nb und(TNF
type Alloys)in definierten Zusammensetzungen zu untersual@rein grundlegendégerstandnis
des Legierungsgstems zu schaffenbevor es um weitere Elemente erweitert wiidie
Zusammensetzungen -Nb-xTi (x =10, 33,3,50,70at. %) wurden gewahlt, um nicht nur die
adguimolare Zusammensetzung zu analysieren, sondern auch den Einflus¥agatibhen auf die
Legierungseigenschaften zu untersuch&hermodynamische Berechnungen der Legierurigen
basierend auf den birgn Systemen, HERrinzipien und Jliegierunger? stimmten gut tberein
und prognostizierten fur alle Zusammensetzungen die Bildung einer einphasigen Mikrastruktur.
Folgenden wurde dies experimentell verifiiarth eine Synthetisierung der Legierungen mittels
LichtbogenschmelzverfahtenDie ausgepragten dendritischen Mikrostrukturarach dem
Schmelzprozess konntemrdh eine anschlieRende Warmebehandlungssarétgreichin einen
vollstandig homogenisiertelkubischraumzentrierte (krz) MischkristdlGberfihrt werdenDie
mikrostrukturelle Entwicklung wurde mittels Lichtmikroskopie, Rasterelektronenmikroskopie (REM)
und Rontgendiffraktometrie (XRD) charakterisiert und validiert. Die CharakterisieLiNGtgipe
alloy Probenoberflachen mitteksonfokalmikroskopiaach metallographischer Praparatigigte
vergleichbar glatte Oberflachen zu Referenzproben aus reinem Ta, Nb, Ti sowie der
Referendgierung FbBAFV (TAV), was einen ginstigen Ausgangspunkt flr nachfolgende
Biokompatibilititstests darfite. Die mechanischen Eigenschaften der-fiyidd@ Alloys wurden
durch Harteprifung, Raumtemperamckversuche und -BunktBiegung an Mikroproben
evaluiert und mit TAV verglicheBrundsatzlich zeigten alle Legierungen ausgepréagte plastische
Verformbarkeit, wobei die Ergebnisse auf eine starke Korrelation zwischen den mechanischen
Kennwerten, dem “fjehalt sowie dem Warmebehandlungszustand schliel3en [dEmzeigten
alle Legierungen hohere elastische Verformbarkeit und niedrigere Biegemoduln als TAV auf, wobei
die equimolare Thlb-TirZusammensetzung die usgewogenste Kombination von Harte,
Biegefestigkeit und Druckeigenschatiefwies Die Biokompatibilitéat der Legierungen wurde mittels
MM6-Entziindungsassay und Osteoblasten (S3CBesiedlungsund Mineralisationsversuahme
untersucht, welche vergleichbare Ergebnisse zur etablierten Referenz TAV lieferten und somit keinen
Hinweis auf einen negativen Effekt der -TW€ Alloys gebenDie antibakterielle Kapazitir
Legierungenwurde mittels E. coli und S. capitisin vitro untersucht und zeigte generell
z2usammensetzungsabhangige adhasive Eigenschaften gegen beide Bakterientypen. Die S.
capitisVersuche wurden auf e@®. mellonelld.arvenmodelh vivoiibertragen, wobei die Ergebnisse
durch reduzierte Mortalitdtsraten im Vergleich zu TAV bestatigt wurden. AbschlieBend wurden
grundlegende elektrochemische Untersuchungen mittels potentiostatischer Messungen
durchgefuhrt, um einen ersten Eindruck vom Korrosionsverhalten der untersuchten
Legierungszusammensetzungen zu gewinnen und so Rickschlisse awkibmgplaitible und anti
adhasive Performance ziehen zu kénnen.
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ASTM American Society for Testing and Materials
cpTi Commercially pure Titanium; also referred to as ASTM grade 1
TAV Ti6AFVor ASTM grade 5 alloy
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S. capitis Staphylococcus capitis bacteria
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CVvD Chemical vapor deposition
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MEAs Mediumentropy alloys

R Ideal gas constant

im Intermetallic

Ss Solid solution

RHEAs Refractory higlentropy alloys

dShmix Entropy of mixingd@ot®&]

aHmix Enthalpy of mixinfkJ@nol]

dGuix Gibbs free energhd]

T TemperaturgK]

RT Room temperaturf]

N Number of constituents (elements)

Composition of the ith elemefatt. %]
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ri Atomic radius of the ith elemejmm]
G Composition of the jth elemefatt. %]
r Atomic radius of jth elemefrim]
YO Enthalpy of mixing of a binary equimolar AB §{agnol’]
L Solid solution prediction parameter
& Lattice constant fnm]
Co Lattice constant fnm]
t Parameter for the atomic size difference in HE#s
fcc Facecentredcubic crystal structure
bcc Body-centredcubic crystal structure
VEC Valence electron concentration
TNTZ Generic term for a group of Ti alloys with additions of Nb, Ta and Zr
E Young®s [GRajdul us
HV Vicker ®gGPdlar dnes s
Fcov Covalent atomic radilism]
My Atomic masgu]
< Density[g@n?]
& Theoretical densitg©@m?]
3 Yield strengtiMPa]
T Melting poin{K]
Roo.2 0.2 offsetensile yield strengtfiMPa]
Rn Ultimate tensile strength (UTB)Pa]
T Elongationj%o]
3 Yield strengtiMPa]
Trnax. Maximum elongation of the sample (tensile t{)
AFM Atomic force microscopy
RUS Resonant ultrasound spectroscopy
DFT Density functional theory
UTS Ultimate tensile streng{iMPa]
U Thermal conductivifyV - s -Kod|
Surface tensiofiN - o]
G Shear modulu§Pa]
Y Poissons ratio
hcp Hexagonal clospacked crystal structure
MOeq Molybdenum equivalent
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wt. % Weight percentage

a. % Atomic or molar percentage

TEM Transmission electron microscopy

APT Atom probe tomography

AM Arcmelting (under inert gas atmosphere)

AC As-cast condition

HT Heat treatment

EDM Electric discharge machining

SEM Scanning electron microscope

OPS Active oxide polishing suspension

EBSD Electron backscatter diffraction

SE Secondary electrons

BSE Backscattered electrons

EDS Energy dispersive spectroscopy

XRD X-ray diffraction analysis

WPPF Whole PowdePattern Fitting

FIB Focused ion beam

SFE Surface free energiN-ntd|

S Surface roughness3D arithmetic average heidhim]

R, Surface roughness2D arithmetic average heighim]

S Surface roughness 3D Maximum heightpeakto-valley)[nm]
R Surface roughness 2D Maximum heighfpeakto-valley)[nm]
1sc Surface tension between solid phase and gas phsad]
1o Surface tension between liquid phase and gas phésad]
st Surface tension between solid phase and liquid pHdsas)]
OWRK OwensWendtRabelKaelble method (determination of $FE
R Disperse angolar components of soligas interface surface tensipN-nti|
roR Disperse angbolar components of liquiglas interface surface tensigN-no|
P Indentation load during Vickers hardness measurefkgfijt
ho Initial height of compression specinjemm]

do Initial diameter of compression specimen (cylindr[oaty]

F Load or forcgN]

3c Compressive stregdPa]

Tc Compressive straifdo]

A Initial sample arepmm?]
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3ic Compressive yield strengfhlPa]

30.2.c 0.2% offset compressive yield strengiiPa]
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Introduction

1 Introduction motivationand aim of thevork presented

Shifts in population structure are undoubtedly among the most significant challenges humanity
will face in the coming decadd3er 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 structureln Germany, this change is significantly charaeterby a declining
birth rate with asimultaneouslincreasing death rate in the 1970s, basically leadingépendency
on young immigrants to prevent population aging sincé themneality, even though a rejuvenation
in certain age groups has occurred since 20hiostly due to a higher number of immigrahtsnd
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 existé. Furthermore, when looking at statistics (cf. the ageing report*g021
becomes even more evident that thkitesmpensatioRdoes 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 group3 especially >0 yearsFigurel-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 gi@@js8xpected
to dowble, 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 gehegrticulaoperations such
as the implantation of artificial knee and hip prostheses are amongst the most commaogedithop
procedures in Germany (e.g. 172011 knee prosthesis implantations B @& further increase
in implantations is to be expected.

Male Female
= 2070 2019 =2070 2019

90+ ——
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Figurel-1: Prognosis on the development of aging structures between 2019 and.2070

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 oveethis.yTo give a short glimpse: One of the

1
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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 physicisfis7/ing 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 thé katel £arly 20

century, also propelled by World War 2 and the resulting numbers of wounded soldiers, however,
more indepth lecture about the historic background can be found elsetth&tere advanced
metallic materials, such as biomedical steelslldys and Cobalt based alloys were implemented
subsequently, often derived from alloying syste
endoprosthetic implantation purposes. Epimsiare GiNi stainless steels from plant engineering or
similar (e.g. V2A steel), &&-Mo alloys (e.g. Vitallium®), originating from dental implants, as well

as Ti alloys (e.g. ‘BAFV2 or TAV, as it will be denoted from heredue to its frequent emtion),
developed for aerospace applicatfdfsA corresponding overview séme distinct applications of
implants within the human bodydsplayed irFigurel-2, whereas thenost commonlysed types

of modern metallic materiadgd alloysised for implantation purposed are listed @blel-1.

Cranial plate Cochlear implants
Nasal implants Dental prosthesis
Artificial chin Shoulder prosthesis

Pacemaker Artificial heart & valves

Spinal implants Vascular implants & stents

Finger joints Fixations (clamps, screws, plates)

Hip prosthesis Artificial leg

Knee prosthesis Ankle implant

Figurel-2: Areas of application for metallic implants, reconstructed from the litétature

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 biocompwgtibdit be nicely defined by a statement
of Prof. D. Willian$ 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 staodsay,
between thenechanical characteristics and the biocompatilfitgt, a protective oxidation layer on
the materials surface is mandatory to prevent the release of harmful particles thus interfering with
the surrounding tissié Second, the mechanical properties of the component could be
compromised by corrosive damage in the long™uiihe mechanical properties of potential
biomedical materials play an important role with regard to the life span of an implant as well as the
pat i e nlei®g andvtberefore have to be tailored to meet the demands of the desired
application¥. 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 [atter
point is taken up again and described in more detddw

Tablel-1: Overview of everalstateof-the-art metallic biomedical materials and their application, summéafised

Material Group Alloys Application examples
316L, Rex 73%, (Fracture) fixationguidewires
Stainless steel 22-135™ clips, dental inlays, surgical
BioDur® 108 instruments

Commercially pureTi _
Joint replacements, dental

Ti grade 4, _ _
o replacements, spinal disc
Titanium based alloys TAV, _
replacements, cardiovascular
TH6AF7ND, .
implants
TiNb

CoCrMo (cast),

CoCrMo (wrought), o _ _
Cobalt based alloys _ bone fixations, wires, surgical

CoCrWANIL,

CoNiCrFMo

Joint replacements, joint sockets,

instruments

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

spacers
A Mostly denti lated applicati
ostly dentistry related applicatio
AuCuAg, _ .
Others (inlays, crowns, fillings)
Au-PtPd
Electrodes, guide wire marker
Ptalloys
bands
Ta Porous structures, wires, plates

* = Also referred to aspTi 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 yéadepending on several factors such as patient age,
gender and of course overall fitn&s there is always a remaining risk of implant failure. These
failures often originate from periprosthetic joint inflammation, implant instability, aseptic loosening
and materiatelated implant failufe*? leading to a revision ratio of abou®&within the first 10
yeas of implantatio again, depending on the patier® c¢ o and ag&€.iT@summarise, it can
therefore be said that there is certainly room for improvenoerdérds 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 soncitiled
component alloy® These predominantly singddased 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 appft&tions

The overall objective ofiththesis is to elucidate the microstructure evolution and resulting
properties of a novel Tdb-Ti based mukcomponent alloying systenegardingits utilisation in
biomedical application3 e.g. endoprosthetic implants or similas this has been scarcely
researched and published to dafhe material scientific examinations begin with fundamghéede
diagram wor® i.e. thermodynamicconsiderationsconcerning phase stability and solubility of
different alloying compositionshich are then @endedwith calculationslerived from higtentropy
alloys as well ag-titanium alloy¥*°. The formation of a singfghase microstructure is particularly
importantin this matter asit represents a unique starting point in terms of mechanical properties
and further adaptations. Subsequently, alloying andtlesdiment experiments are performed and
compared to thénitialtheoretical considerations. The latter are particularly emphasised here as the
refractory elements used in the investigations have a rather diffieg@ntive character, thus being
present in inhomogeneous compositions affter primarymanufacturingrocess (i.e. vacuum arc
melting).Following, the developed microstructuaesl metallographically prepared surfaces of the
selectedalloysare characterisednd compared usingiicroscoly and Xray diffraction methods.
While this is not only experimental verificatio
melting and annealingroces®s, surface analysis is also crucial to ensure comparabilitiieof
subsequent biocompatibilitsials The mechanical properties of the alloys produced are examined
by means of hardness testing, unidirectional compression testing-potht3bending testing on
micro beamsn the ascast (A0 state? to generate an initial estim&teand in the ashomogenised
(AH) state? as actual behaviour of the homogenised composition. The comparison is also used to
monitor the influence of different alloying compositions on the mechanical propettiesthe AC
and the AH conditionMoreover, grain specific hardness analysis and defined plastic flexural
deformation experiments in combination with subseqekdtron backscatter diffracti¢ggBSD
analysis are implemented to examine the specific deformation behaviour more thoroughly.

The second part of the thesssdevoted to thbiocompatibility and bacterial adhesion behaviour
of the materials examineth order to generate an overview of potential forbigdy 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 critigatty of
potential implant materials is their interaction with Honming cells and subsequeaossification,
which were examined in human osteoblds (SaO<) cell attachent trials and mineralisation
experimentsTo evaluate the antibacterial properties of the novel materials;sagvassessment
strategy was applied. Firsin vitro (outside of living organismddhesion experimentssing
Escherichiacoli and Staphylococcus capitisere conducted to quantify initial bacterial attachment
and early biofilaforming potential on the material surfac8scond, ® extend the analysis beyond
purelyin vitro conditions, the materials were subsequently tested @aberia mellagila larvae
infection modelproviding an accessible and ethically favourabhgvo (within living organism)
system.Theelectrochemical investigations the baseline alloy TN&rried out at the end of the
process round off the assessment of the novel alloys by providing fundamental insights into their
corroson perfromanceand allowindirst conclusions to be drawan connections betweetheir
passivation behaviour and its influence onadiiesive propertie®wardsbacteria

4
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2 Anintroduction to biocompatibilitynvestigatiors

2.1 Overview ofkey evaluationmethods formaterials

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 rAaarials
essential step in evaluating their potential for biomedical and related applidateoftcus here lies
on themethods which have been implemented in the course of the presented thesis. In order to
adequately clarify the term biocompatibfitgnd thus also its specific use in the followithe
classificationféer Schenk as displayed iTable2-1 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 feattireg). a certain degree of bioactivity or sinfilar
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 &tératur

The basic framework of biocompatibility testing can be derived from the DIN EN ISO 10993
Biological evaluation of medical dev@sesies, which covers numerous aspects and methods in its
23 standards. Despite documenting the development of an alloying system for potential biomedical
applicationsjt must be emphasised at this point thhé considerations addressed here atili
fundamentallyriented research, which occasionally leads to difficulties in compatibility with the
standard, hence leading somore guidelin@riented approach instead of fulfilling all criteria. The
relevant background information for the assessment perfoimtbis workwill be presented in the
subsequent paragraphs and linked to the corresponding sections in the European standard.

Table2-1: Degrees of compatibility of bone implants after Schenk

Incompatible Release of toxic substances or antigens causing allergic reactions a
general evocation of foreign body reactions, inflammations, necrosis, re
or similar

Biocompatible | Release of substances in ntoxic concentrations that can either
encapsulated in connective tissue or cause only weak foreign body reag

Bioinert No release of toxic substances

Bioactive Positive interaction with tissue differentiation thus leading to adhesion o
on the implant surface

Inductive Induction of heterotopic bone formation

Conductive Material serves as framework for bone deposition, however, only
osteogenic environment
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Is there either direct or IS0 109.33-1 not
indirect contact with applicable
the patient?

(" Obtain physical/

S i Same material as in Same manufacturing X
chemical information . ) e Same geometry and Same physical contact
regarding the material previous products ie. process and sterilisation hysical properties? and clinical application?
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PR - . Is the data relevant to
justification and/or toxicological data for Does the data apply to the dose and route of
clinically relevant data all chemicals in the chemical mixtures? administration?
for a risk assessment? product? '
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type and duration of
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Biological evaluation
completed
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Figure2-1: Systematic workflow for the assessment of biomedical products after the European standard 1S7.10933
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2.1.1 Basic considerations

A fully comprehensive biocompatibility essagathier complex, involves numerosteps and
is accordinglytime-consuming(cf. the schematic workflow iRigure2-1). According toEN ISO
109931%* , the fird considerationsre related to theverall shapeproduction andomposition of
the medical producfe.g. the chemical compositiomaterials used in the production process,
packaging materialdjssolvable componentdegradation productphysical propertigs

The chemicalcharacterisatioin accordance witkEN ISO 109928% is particularly important
for newmaterial development&urthermorethe testing straéegies must be planndohsed onthe
intendeduse of the product i.e. within the bodyyithout contact to the body, in contact with certain
types oftissuez andcan vary strongldepending on whether tmeateriaitself(e.g. cpTi) or similar
conpositionsof it (e.g. different types of -Biloys) are alreadyrated for medicatlevices or is
completely novel.

To narrow down thecope of theesting? as it would be unpractical anften unnecessary to
carly out everypossible test variant and methbthe standaré stipulateghe followingallbiological
hazards associatezpecificallywith the planned application should be tested verified by either
in vitro 2 test of specific paramets with isolated cells or sihar outside ofa living organism or
in vivo2 test within thdivingorganismi.e. the patient experimentssubsequentfy The different
types of hazards arassociated witlso calledbiological endpoin®hat must be implementeth a
biocompatibility assessment and ch@ usedas a kind ofapplicatiorspecific checklist. These
endpoints include physical and chemical informationytotoxicity, sensitisation,irritation or
intracutaneous reactivjtynaterialrelated pyrogenicitygcute systemic toxicifysubacute toxicity,
subchronic toxicity,chronic toxicity, implantation effectfiaemocompatibility,genotoxicity,
carcinogenicityreproductiveor developmental toxicity and the degrtioh®2,

Altogethera materialshiocompatibility assessment followsnaltistage approaglconsisting
of 1.) physical and chemical characterisation,ir2.yitro investigations and 3.) animadsting
whereby the last step should only be carried out if not enough information could be generated
beforehand

2.1.2 Cell compatiility tests

A commoninitial approach to assess the biocompatibility nbeel material is tinvestigate
the interactions betweetifferent cell types and the materials surfddetailed guidelines thereof
can be found ifEN ISO 10998 (tests forin vitrocytotoxicityy*.

In generalthe investigationsust take place iran adequate laboratory environment, where
both specific sampke of the magrial to be testednd blank sample§n accordance witEN ISO
1099312%) arefirst prepared ad then brought into contact with the corresponding c€ésnmon
cell typedor thisareboneforming cells (osteoblastsgither derived from human cell lines or from
animals and connectiveissue cells (fibroblasts)however, the standanseccommends the use of
established cell lin&s*3" The procedureusually consist of severalbasicstepsstartingwith the
seeding of the cells on the materials surféestablishing contactgultivatinghe cellsover a certain
periodof time subsequentlyiixating thecells (freeze the state after a defined cultivation period)
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cleaningof the surfaceand staining of the celtnd, finally, analysirthe stained cellée.g. amount,
size, shapg®=°,

Another method tobtain informatiombaut a materials compatibilityithin a living system is
to analyse inflammatory markdcytokines) Cytokines are small signalipmteins released by cells
that play a crucial role in regulating the immune response and inflammation. They act as messengers
between cells, coordinating the bodglsfencemechanisms against infections and injufieas a
result the typeandquantity ofcytokinesreleased can be measuradd used as an indicator of the
stress (i.e. the inflammationfaused by a tissue foreign body reacti@ommon techniquet
perform an inflammatomssayinclude enzyméinked immunosorbent assay (ELISA), cytokine bead
arrays, or PCRased(polymerase chain reactiomethod$". Key cytokines often measured in these
assaysinclude TN& ( Tumor N eatphap l&li >s (H anctltleeta), 6 uakdill=8, which
are all involved in initiating and regulating inflamnt&tioiTo summarise simply, a lolevel of
inflammatory markers indicates better cell compatibility and overall organism tolerance.

2.1.3 Odeogenesisassay

Besides thesimple adhesion angroliferation ofbsteoblastson a samplesurface the actual
bone formation(osteogenesi¥) plays a decisive relin the characterisation of new biomedical
materialsThe formation of bone is a complexultistage process, consisting fafrther proliferation
of attached osteoblast celdeposition of collagermatrix minerakationof said matrixandfinaly
repladng the cartilage withone according to MH Lafageroust®. The latter step3 the conversion
of connective tissue into bone, in particdlaf osteogenesisire also referred to asssificatio™.
This processs essential for a subsequeansseointegratio® i.e. a direct structural and functional
bonding between living bone and the surface of an implantd® 2 andcan be carried out as an
adequate laboratory tesh novel materials.

In the respective assaliuman osteobladike cells(Sans-2) are cultivated and seeded on the
surfaces to be testéd Subsequentlythe attached cells areeated with osteogenic mediahich
firstinduceshe adhesion and proliferation processl secongbromotes thaninerakationprocess
2 after beingslightly adjusted towards calcium enrichrfferiinally the cakificationof the cells is
measuredafter adefinedperiod (i.e. 10 d), using alizarin redstaining®. Albeit simplifying the
complexity of bone ingrowih vitrg these osteogenesisxperimentgprovide important results for
assessing the biocompatibility of new materials and argngortant pecursor for subsequent
osseointegration assays within living organisms.

2.1.4 Antradhesive and antibacterigiroperties

In contrast todesiable materialorganism interactionsuch as enhanced cell attachment or
the promotion oboneingrowth a bacterial infetioncan havesevere negative effecthe extent of
this issueis well reflected in thgrowingnumber ofperiprosthetic joininfections (PJiswhichmay
occur after the implantation of an artificial joifit Several studi€$® show that over 506 of PJI
regarding prosthetic hip and knee implants are relatedtaphylococcibacteria such as
Staphylococcus aureusS( aureuy or Staphylococcus capitisS( capity. The origin of these
infections may be manifold, e.g. patiesiated, surgical and postoperative fesgtors however, the
implant material and the surfagealityalways play a critical r6t€% The development afiew

8
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materials with antibacteriali.e. killing or slowing down the growth of bacteria or viruses without
extensively contaminating the surrounding tigsaeantiadhesivé i.e. prevention of adhesion and
subsequent biofilm formatiédnbehavour is importantto address these challenges adequéately

Preventing the biofilm formation playsmcialrole here, as the bacteria are subsequently
protected from the immune system by extracellular polysaccharide (EPS) mainik can thus
proliferate and spreads schematically depictedfigure2-2>*. Sincethe welstudiedEscherichia
coli(E. colj bacteria strainalsohave the ability to form biofilm they areoftenused in standardised
testing modeldor novel materiatd Strategies tamvercomethe attachment of bacteria and prevent
subsequent biofilm formationcludethe use of potentially antimicrobial alloyingrelets, such as
Agor Cuy either in the bulk or as coatirt§® When added to a base material, these elements can
cause an effecknown as nanagalvanic coupling i.e. galvanic corrosion between different noble
materials on a nano scalewhich leads to the release sifver (Ag) or copper (C#) ions"8 The
ions subsequently interact with bacteria through various mechanisms, including dattaboi
sulfhydryl groups and intracellular proteins, inhibition of metabolic pathways, and an increase in
reactive oxygen species (R@SThe latteplay a particularly important role, as they cause oxidative
stress (OS) and inflammation in pathogens thus prevettienm from adheringo the implants
surface? which is nicely described and presented in detail by Alfef%t al.

Nevertheless, it must be emphasised here thattBe caused by released R©O&n also have
negative effects on the body itsehd is associated with diseases such as carcinogenesis,
atherosclerosis, as well as cardiovascular and neurodegenerative disédsesover it has not
yet been fully clarified which quantities of added silver or c8pmren which form/ conditiohyield
the most beneficial results, while not exceeding the threshold for negative*éffadtss context,
precise control of the release of AGU* and the associated products is of utmost importance and
must be handled with particular canénich in turn poses a challenge for manufacturing procé&sses

Besides the possibilities of alloy adjustment through the addition of elensenfsce
modification technologiesich asion implantatiorplasma spray technologies, physizathemical
vapor depositioffPVD, CVDandtopographic laser patternirage promising methodfr creating
antimicrobiainterface&™.

Planktonic , K\

bacteria
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gz

Increase in heterogeneity & physical protection

Figure2-2: Schematic process of bacterstachment, evolution and spreadiadapted frorf?.
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2.1.5 TheGalleria mellonellainfectionmodel asalternative forin vivotesting strategies

As already mentionedly vitro tests can be used to collect and evaluate a wide range of
biomedical datandare an important cornerstone for obtaining inigallts Among other factors,
this is due to enhanced control and precisiomofitro methodologiegi.e. good adaptabilifythe
reduced ethicalcircumstance and the excellent cosfffectiveness compared to other
technique®®. At a certain point, however, the transition friarmitroto in vivotesting is necessary
in order toobtaininformationabout interactionsvithin the complex biological systems of living
organismswhich cannot be generatedimvitrostudies®.

Thelarva of the greater waxoth Galleria mellonellaG. mellonellan the followiny provides
an excellentopportunity tostudy hostpathogen interactions, as well #se effectiveness of
antibacterial materials adequatiglywivd®. Besidesbeingconveniento handle(due to the size of
12-20 mm) and being comfortable@t human body temperature- 37 °C), G. mellonellanot only
exhibit similarities to themammalian immune systefiboth structural and functional), but also
produce antimicrobial peptidasdshow processes likmelanisatiod localsed melanin production
as wound healing reacti®h? and phagocytosid cellular process for ingesting and eliminating
foreign particlé® 2 which are critical for combating infecti&fd. Futhermore, the use of th&.
mellonellanodelis a good example of the application of BlRsRprinciple(replacement, reduction
and refinementjowards animigestingas i nsect experiments don®t f al
and are therefore easier to perfdfm

Over the course of approx. 8 weeks, melbnellatransition trougtthe four stagesof their
metamorphosis cycle, which are egg, larva, pupal and adult. whereby the experiments are usually
carried out in the larval stage (i.e. on thaterpillars¥. Commonmedical trialsinvolve the
assessment of antibiotics against various pathogens, toxicity testing and general studies related to
the immune response of the larvaélhe latter is of particular interest with regard to new implant
materials and thetressreaction/ inflammatiofef. chapter-Cell compatibility tesgawithin the living
organism as direct conclusions can be drawn about expected reactions in the hum@nimody
addition, implantation trials ditig G. mellonell@anbe used to monitor biofilm formation on novel
biomedical materials viva Studie$”’*have showrthat small, sharpened pins can be successfully
implanted into the larvae andaysedbased 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 testedverall,G. mellonellarials provide important preclinical
results andcan be seen as proaff-concept studiesn the development of novel implant materials
2 as well as @omparisorto conventionally used materi&ls

10
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3 Refractory metabased multicomponent alloys, related
concepts and their role in the development of novel biomedical
materials

3.1 Mixing cocktails with chemical elemen& Multi-component alloying
systems

The relatively novel materials class of madtnponent or higlentropy alloys (HEAS) was
established by basicallyo different scientists and their groups at approximately the same time. In
2004, JienWei Yelf and Brian Cant@rindependently published what are considered to be the first
scientific works on these types mietallic materialsSince then, the topic skyrocketed and has been
the subject of irdepth research with continuously increasing numbers of publications, which is also
impressively shown ifigure3-1. In the following, many fundamental works such as Gao &t al.
HighEntropy Alloys. Fundamentals and ApplicafioBs Cantor Multicomponent higlentropy
Cantor alloys, Z. Jiao et ak Advanced Multicomponent Alloffsom Fundamentals to Applicatfdns
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 redtnponent materials. This is primarily due to the
complexity of some of the mefphysical and thermodynamic backgrdsinegarding different alloys
within the group. B. Cantéihas taken up this topic nicely and formulated a detailed clarification,
which | would like to point out. To reduce confusion, the wider definition oftomltionent alloys
is predominantly used in this manuscript, however, due to the prominence angreddks
acceptance in the field, the terms higihtropy alloys, as well as meditantropy alloys (MEAS) are
also usedaccordingly The following section, however, shall be used to elucidate the basic principles
of multtcomponent materials and give a brieéoview of the underlying mechanisms.
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Figure3-1: Publication trends for multiomponent materials and higintropy alloys (2002023) based on Scopus
keyword search data
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3.1.1 Basic principles of higkentropy alloys

The best way to describe the basis of these alloys is by using the two definitions, that were first
proposed by Yeh in 208i6Gand can be reproduced as follows:

HighEntropy Alloys are preferentially defined as alloys containing at least five principal
chemical elements with an atomic percentage between 5 a¥deieh.

Il HighEntropy 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 atbom temperaturéRT).

So, in contrast to conventionalassi®alloy development where the matéigiroperties
strongly depend on the base element and are then adjusted via minor additions of other chemical
elementd(cf. steel,aluminium or titaniuralloyg, the alloying elements are mixed in an equinfolar
or near equimola? ratio. Under normal conditions and considering the binary and ternary phase
diagrams as well as the basic rules of phase formgéon g .  V e § BumeRdtheryl rde®)

a series of thermodynamically favoured intermetailiy phases would arise subsequently.
However, following the theory of mutimponent alloys, the high entropy of mixing overcomes the
enthalpies of compound formation and therefore supresses the development of other phases besides
one general solid solutiofss) phase, as Yeh et &l.proposed. This peculiarity as well as other
features are mostly referred to as tHecore effect@f HEAY.

The ss microstructures resulting from these effects can lead to different materials
characteristics that are superior to those of conventional-phdte materiaté Especially alloying
compositions which consist either entirely or at least to a significant ektefractory metal3 i.e.
elements of the fourth, fifth or sixth subgroup of the periodic table of the eléfrfemts of particular
interest for modern structural and higgmperature applications. Some of these refractory-high
entropy alloys (RHEAs) possess outstanding properties suchighs strength at elevated
temperatures, high hardness, abrasion resistance, {Rigiperature) oxidation resistanead
corrosion resistance, making them particularly promising engineering m&t&rials

3.1.2 The highentropy effect

As mentioned above, the interplay between the entropy of niiSngin JBE'Dnol* and the
enthalpy of mixinglH.x in kXinol* regarding the formation of eithen &lemental phaseanim
phase or as phase plays an important role in the concept of rsoltiponent alloy& Following
the second law of thermodynamics, the resulting state is determined by the combination exhibiting
the lowest Gibbs free ener@gG.x in J at a certain temperatureim Kand can be formulated as
follows"®:

Gibls equation y Y( 4Y3 (1)
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Furthermoreliteraturé®®®s hows t hat the required wvwvwwabues for
wel | as t he e pioframgloyingsystermgonsistinggof Nlefements can be obtained
by implementing the following equations:

Entropy of mixing y3 2 Al RA (2)

Enthalpy of mixing Y( w( AA (3)

where R is the gas constar},. 3 :Dn4)']1:B01, N is the number of elements; ar ¢ is the
composition of the ith or the jth element aM¢ is the enthalpy of mixing for the binary
equiatomic AB alloys.

According tq1), to obtain the lowest possible Gibbs free endtdggs, the enthalpy of mixing
d Hix2 including all sources of entropy such as configurational, vibrational, electronic and magnetic
for simplificatiof2e i t her has a | ow v al wefthenndamhselutesstate r opy o
in correlation with the temperature T is hightheory, a sufficient method to achieve an increase of
entropy and therefore reduction of free energy is by simply mixing more elements in equimolar
fractiong®. By taking this into account and scanning the available litefdtuoecompare different
possible results for the parametedishi, TS d mix@ Gncerning either the formation of
elemental phases, compoundsssrphases? it becomes quite evident that the formation ofgke
is in competition with the development of other phases and/ or compounds and might even be
favourable? especially when also taking the other core effects into acéomable 3-1 was
reproduced from Yéhand provides a good overview of the correlations as well as the resdts
relation between the favourable morphologies is highlighted in orange.

Yang & Zhart§ proposed that thactual melting temperature, ®f the constituentsind their
differencesalso plays an important roke in connection witid Hx a n d mx @ 8egardingthe
solidification of the allognd maytherdore influencethe formation of the solid solution phase,
instead of an ordered phada this context, thegstablished the solid solution prediction parame
(LD, which can be calculated as follows:

Solid solution prediction B A4 VY3
parameter g Y( s

(4)

here thefirsttermB A 4  can also be summarise T, whichrefers to theaveragamelting

temperature of an-element allowith a composition of,owvhich is calculated hysing the melting

temperature f of the ith component of the alloysubsequentlyit is multiplied with thaé Six and

di vi d end Acboydingtdithaterature®, a critical value dfl = 1 is suggested for solid solution

formation. Wher1>1 , the entrngpydotmammt €3ddver oi)he enth
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promoting the formation of solid solutions in mattmponenglloys Conversely, whed 1, the
enthalpy contribution becomes more significant, leading haglaer probabilityof intermetallic
compound formation and elemental segregation rather thanoccurrence ofsolid solution
phase&.

To simplify the matter at this point it can be sumgeakrithat 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.

Table3-1: Comparison of the enthalpy of mixidbinix the (temperature dependent) entropy of mixtt&x, and the
resulting Gibbs free ener@iGnix regarding the formation of an elemental phase, a compoundé®plaase, reproduced
from 8.

Parameter Elemental phase Compound Solid solutions
AHmix ~0 Large negative Medium negative
T*AS, -0 ~0 -RTIn(n)

dGnix ~0 Large Negative Large negative

3.1.3 The effect of severe lattice distortion

This effectstems from the mixture of different sized atoms within the desiseand the
resulting stresses in the latticAgain an example is very useful for illustration: By considering the
weltstudied-originaRC-Mn-FeCoNi Cantor allgy, 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. a(Fe)=0.286pm, Im3m; a(Co)=0.247pm, c(Co)=0.402 pm, P&/mmc;
values obtained from theéMaterials Explorer Aff). 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 foss) ether than to solidify as componetits
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 glas¥) Hence hindering dislocation movement within $sestrengthened
microstructure, the distortions of the lattideigure3-2(a)) are hypothesed to be responsible for
many of the outstanding mechanical properties of tnattiponent alloy$®.

As mentioned above, tivariancen atomic radii is related to the entropy of mixing (the former
alone cannot provide a reliable statement regarding the phase formation and Gjdedmich is
why Zhanget¥#li nt r oduc e d (tinfso gpaatify sheneitretation th a certain exten

Atomic size difference

parameter 1 pTII A p OrF AO ©)

as reproduced froffy ¢;and r are the fraction and atomic radius of the ith elemgana are the
fraction and radius of the jldement 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 dejiicectin
3-2(b). Even though this method follows a rather empirical approach and newer research findings
(cf.®) propose additional influences on the phase formation, it nevertheless provides reasonably valid
results in terms of structural predicttdnTo give an example of a particular limit of the phase
prediction r ulaen dBB asdehdpefdlynto éxpand the understanding of the
interdependencies presentédthe specific chart irFigure3-2(b) was chosen: As experimental
validation work has proven, certain HEAs still farradmpound£ depicted in the elliptical aréa
even though the theoretical phase prediction would suggest either a solid solution or an amorphous
phase? shown as crosshatched areas in orange and blue. In genaifarge negative enthalpy of
mixing would support both the formation of laagge orderedm phasesand shorrange ordered
atomic clusterg’, the latter then beingstalséid by t he cor r eHween@uosetg v al ue
al® hypothesied that, depending on the combination of elements within the HEA and the resulting
number ofstrongly chemically attracted atomic p@mterferes with the formation of a solid solution
and promotes intermetallic phase forma#iamhen exceeding a certain threshold.

a)  Atomic position e Ideal lattice site b) 107

O o ¢ 1* e

o O -
Yo

oote 1]\
O

=40
0 5 10 15 20

> [100] 8, %

B solid Solution
B Amorphous Phase
[ Intermetallic Compound

AH s K/ mol

» [011]

Figure3-2: a) Schematic illustration of the lattice distortion effect in HEYSchematic phase prediction plot sitilg the
parametersiHnix andt, reproduced according ¥

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 transfoffn@tiong to the large
number of different elements in high fractions, any partitioning transactions in HEAs would
theoretically require some kind of cooperative diffd&lomowever, due to the underlying
thermodynamic mechanisms, the number of diffugimmoting vacancies is limited in HEAs thus
enhancing a competition between the surrounding atoms in the soluté®statds 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 m8tion

Many of the stated theorems were validated based on the observations of Ts&?, et al.
demonstrating a hindered diffusion in idgalutionlike facecentred cubic (fcc) GE€rFeMn-Ni
alloys via quadbinary diffusion couples. More recent publications, however, are more critical about
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the effect or even negate it complet&yf* The review of Dabrowa and Danieleifskan be used

to summarise the current situation wel they propose thatith regard to fcc HEAs, the assumed
sluggish diffusion effect appears to be overexaggerated and is more related to the element Mn and
Mn-containingcompaositionshowever, especially regarding more distortedyicentred cubic (bcc)

HEAs there is still a lack of information present and a diffusion impeding mechanism razigtwell
there.From this itcan be deducted th#te effect of sluggish diffusion in HE@ssstill not suffieently
validated and therefore needs some future clarification work.

3.1.5 Thecocktail 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 progejiestrength,
ductility, density, melting temperature, thermal and electric condyatavitpe attributedand 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 moderstagle 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 th€ Base system the new properties can be
extended and tailored even bettérTo some extent, this already demonstrates the possibilities that
lie within these metallicor even norferrous? -cocktail®

This apt description was first introduced by S. Rangandthiarhis highly cited publication
Alloyed Pleasures: Multimetallic cockg&siled referred to innovative alloy developments such as
bulk metallic glasses, superelastic alloys and nanostructure@higipy 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 Figure3-3)76.

Figure3-3: lllustration of the cocktail effecisingan espresso martirfi different independent components may vyield
superior properties, when adequately combined.

However, on a more critical note, this effect is by ho means exclusive teritigipy alloys
but can also be applied to many other alloying systems e.g. complas&isuperalloys 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 real
resume can be drawn on the basis of a review papen f£. Pickering and N. JoA&sstating that

the cocktail effect is probably best attributed to the very sfeaiad partly surprising properties

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

3.1.6 Additional effects

To adequately round off this section, somdditional effec@®eed to be addressed briefly.
These effects are also expected to influence and contribute to the formation afomypitnent
alloys and were either already considered since the beginning of HEA related research but were
subordinated to the core effedes.g. valence electron concentration, Y&E®r were established in
the course of further research and developnferd. the heat of mixing or the interaction enélgy
The first was introduced as an additional tool to predict the phase formation more accurately and
can be summased as follows: VEC 8.0 promotes the stalstion of an fcc phase,
6.87 VEC<8.0 leads to coexisting fcc and bcc lattices and ¥E®7 results in sole bcc phaseg
The latter, however, tend to interfere with the predictions based on the core effects rather than to
support them. Following the statements of Canhttdre heat of mixing as well as the interaction
energy between binary constituents have the abiliyvierrul&he generalphase stab#gation 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 system

These effects are only used asore prominerfiaxamples to demonstrate the advancement in
theory behind mukltomponent materials and more can be found in the litefattfeln order to
be able to cope with this multitude of influencing factarst only on phase formation but also with
regard to the resulting properties computational methods and materials simulations were
developed over time which provide valuable contributions to the experimental work and help to
further expand understanditig'® 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-componentlloys with biomedical properties

As mentioned in the previous sections, matimponent 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 emggnleet can be suitable for a
wide range oépplicationsin particular, the field of biomedical materials can benefit greatly from the
extensive opportunities that arise due téigh entropi@ombination of biocompatible elements.
Figure3-4 shows a schematic representation of the general biomedical material qlessé#
steels, titanium alloys and @ alloy}, as well as theommercially usedlloys and their elementary
components The components highlighted in orange are of particular interest here, as they are
already used in applicatioAither as base material as alloying element and harbour great
potential for further developmerggarding muktomponentombinations

The first pioneering examinations in this direction can be linked to the work of Niinomi and co
workers**5 who carried out thorough research on modified titanium materials. The motivation
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behind these-type Tialloys? often referred to as TNTZ alldysvas firstly to maintain the good
biocompatibility of the pure alloying elements (e.g. Ti, Nb, Tamd&secondly to reducethd® u n g ® s
modulus (E) in comparison with materials already ifttuse

L-605

Cast/ Wrought
Co-Cr-Mo

Phynox

Vitallium
®

Commercially
pure Ti

Ti-15Mo-5Zr-3Al

Ti-6AL-4V ELI/

Ti-6AL-4V Ti-6Al-7Nb

Ti-Alloys

Figure3-4: Representation of common alloying elements in biomedical maRasicularly interestingandidatedor
(refractory metal basedhult-component materialare highlighted in orangeeproduced fror.

The stiffness reduction is directly related to the osseointegration and longevity of the implant
which is manifestediien dtitmeg sed fceacltl® d a- shtirgehs smo d L
the majority of the introduced force (during serviaging absorbed by the implant itself and not by
the boné’. This may sound desirable at firbyt 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 biomatéhake
Tialloys 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 achialhigh entropy alloyan be found
in the proceedings of the 24th International Conference on Metallurgy and Materials, Brno, Czech
Republic in the year 2015. Here, an equimolaNG-aif-Zr-Ti alloy, originally proposed as an
alternative structural RHEA to theNtaW-Mo and TaNb-W-Mo-V systems with reduced density
and improved RT ductility by Senkov &falvas presented as a potential implant matér@aking
to the biocompatibility of some of its constituehtsy Zyka et af*’.

More coherent research work regarding biocompatible -dnigtopy materials was
subsequently published by the working group of Nak&iibin 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. Ris primarily targets issues concerning elements that are currently used in
conventionally applied medical materfatgplants, tools) but are increasingly viewed with criticism.
Prominent examples are the constituents of frequently usedr®w» implants:Studies suggest
that these types of alloys degrade and break down into micrometre and nanometre sized?®articles
e.g. release of Co and Cr ions due to wear and abragioming their period of service within the
human body(in vivg, which cause oxidative stress to cells and can therefore be chasedtas
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toxic®1%2 A similar issue even applies to titanium alloys suchA&s Fere, a twdayer passivation
system is present, which consists not only of stafibmiumoxides (Ti€), but also of instable

species, such as vanadiumpentoxide.C{)#=.

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 damagé?fd*tefiscondly,
further optimisatiord and for example application dependent adaptétiohthe mechanical and

overall corrosive propertiésa major goal of novel implant material development. Negative examples

are the high moduli of stainless steels, such as the widely used 316L austenitic st2e0&Pa),
which can lead to an increased risk of stress shielding effe€@®mmercially purianium implants
on the other hand not only demonstrate a comparablyYagh n g ® s
low hardness (2261V) and yield strength values, ¢ 320MPa), which reduces their usability in
applications subject to higher mechanical demandsdédal application¥¥.

moldOGPa) it alsce

Regardingorrosive investigations, the werlf Maria Herbster et al. are highly recommended:
She impressively elucidated the relationships between mechanical and oxidative stre€sio-Co
and Tibased implantin vivoandin vitrothus demonstrating their disadvantayés In summary,

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

possibilities offered by HEAs.

Table3-2:
and max.
via tensile tests.

Di splay of

the sampl e

condi tion
Ral) Of Begeaat titaium b&s&d biomedical alloys and biocompatiblemtigipy alloys , determined

as wel |l

asy)the

Alloy Condition E, 3v, Thax Source
GPa MPa %
cpTi Solution heatreated 102.7 170 24 129
TAV Annealed 112+2 847+ 22 8+2 129
T+6AF7NDb - 114 915+ 35 115+ 35 129
TF29NB13Ta4.6Zr Aged 80 864 13.2 129
TiNb-Zr-Hf Annealed 69.7 - - 130
TeNbTaV As cast 108 1092 - 131
TENbTaZr As cast 11¥ 1389 36 132
TENb TaZr Homogersed 109 1702 27 132
TeNb TaV-Zr Homogersed 119.9 - - 133
TENb TaZr-Hf As cast 59 1212 12.3 1
TENb TaZr-Mo As cast 153 1390+ 75 6 134
TENb TaZr-Mo Homogersed 157+ 7.7 - - 135
TiNbTaZr-MoV ~ As cast 125.7+ 9.5 - - 135
CuMo-TaW-V Coating 196+ 10° - - 136
TrAFFeCoNi 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 ofseverapromising candidates is the equimolar hagttropy alloy TNb-TaZr-Mo, which
exhibits a comparable biocompatibility in theast, as well as a superior biocompatibility in the
homogerged condition to the statef-the-art biomaterials 316L steel and cpTietermined by cell
density and spreading experiments witbnesynthesising and mineralising cells (osteoblasts)
derived frommice*®*2! In addition, Shittu et aF® 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 8f:FEZ ks 33Hbs 33Nk 70 Ta 72M01 552 which was
chosen to satisfy different parameters regarding theoretical phase formation, melting temperature of
the alloy, etc? also yielded superior biocompditlyj compared to cpT. Another alloy worth
mentioning is the equimolar HEANK-Zr-Hf, which also consists entirely of biocompatible elements,
but primarily shows a very loxo ung®s modul us, thus making it
shielding effect’. According to density functional theory calculations (DFT), published by Chen et
af“°, the reduction of the modulus can be traced back to ainddiced 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 constadeavoursof 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 matefiadg). mechanical properties, chemical composition,
overall biocompatibility, corrosive properfidhere is still room for (material) improvement. These
issues or questions are beiagldressedn the development of biomedical HEAs and in some cases
have already been answered with outstanding sollkisimceonly a few representative alloys have
been listed in the texT,able3-2 should be referred to again here for further literature.

3.2 The elements tantalum, niobiumtitanium and the ternary Falb-Ti
system

As previously mentionedefractorymetatbasedalloying systemsén particularhave caused
guite a stir in the scientific community and led to the development of several RHEAsiguthgnt
properties*1*3 In a wider definition, the chemical elements from thé&®#and &' subgroup of the
periodic table are summarised under the terefractory eleme@ lat. Refractarius= stubborn,
stiff-neckec? because of theinniquecharacteristics, such as extremely high melting temperatures,
corrosion resistance to different media (e.g. acids, water, salt) and mechanical prépétties

With regard to not only structural materials, but also biomedical applications, the elements Ta,
Nb and Ti occur frequently in different alloy composittogisher individually or in combinatitin
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-urthermore, the topic of titanium alloys is addressed and presented in more
detail, as many theoretical conceptéiialloys can be transferred to refractory compositions and
the boundaries betweeR-stabilisation and high entropy stabilisation displays some synergetic
effects*’. This interplay of conceptsan lead toan alloy compositiomiependent influence on
microstructure and properti@®d should thereforalwayse taken into consideration abe viewed
critically
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Table3-3: Basic properties of the elements Ta, Nb and Ti, obtained from correspsodings‘+14¢162 Prices were obtained from Shanghai Metals Market 8NtMDctober 202%nd relate
to bulk material with purities 99 %

Property Unit Symbol Ta Nb Ti

Modification - - - - e-Ti >-Ti*

Crystal structure - - bcc bcc hcp bcc

Lattice constant nm a 0.3303 0.3294 a=0.295 0.3306
c=0.468

Atomic radius (covalent) pm Fcov 134 134 132

Atomic mass g/mol Ma 180.95 92.91 47.87

Density at RT g/cn? < 16.6 8.4 4.5

Melting point °C Tw 3016.9 2476.9 1667.9

Hardness HV GPa 0.822.9 0.7225 19229

Tensile Yield strength (0%) MPa Roo.2 100- 200 75 170

Tensile strength MPa Rn 300 300 235

Young®s modul us GPa E 185 103 102

Elongation % T 202 50 25 35

Compressivgieldstrength MPa 3yc 135- 1060 93- 440 130- 340

Flexural strength MPa Bflex 140- 340 - 200- 1000

Price /I kg - ~401.65 ~82.24 ~6.95

* = High temperature modification, forms above 882

*= Some referencestatethe 0.2 offset value for the yield strength
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3.2.1 Tantalum? 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 columbité®té The largest deposits of these o be found
in Africa, Australia and South America, with smaller onegpedsentin other countrie’$*. After
mining the Taores aregenerallyrefined in multstaged processemvolving critical agents such as
hydrofluoric aciqHF) as described in more detail the corresponding literatufé Besides these
established production routexfforts have also been made in the recent past to develdpEdand
potentially more efficient processes by implementing pyrometallurgy and alternative chemical agents,
in order to keep up with the rising demand of the nfétal

In generalthe utilisation of therefinedelement with the atomic number 73 in the periodic table
has shiftedstrongly over timeThe first technical applicationtahtalumwasapparenthas filament
stringin light bulbg related to its high meltinggmperatureas listed inTable3-3 2 however being
replaced by tungsten relativejuickly®. WhileTawas predominantly used as alloying element to
improve corrosion resistance and precipitation hardening of steels at the beginning of the 20
century,its use has changed since around 1950nainly the electrical indusgt®>154157 Based on
properties such as a high dielectric coefficient, Ta is an attractive material for capacitors and other
electric component®. Even though over 7% of all extracted and refined Ta is still used for
electrical components today, other possible applications have arisen which are strongly dependent
on theuniquemechanicapropertiesof the refractory elemente.g. alloys for cutting tools, alloys
for the petrochemical industry and high temperature alloys for aerospace applicafidres
corrosivecharacteristics of Ta are particularly noteworthy:Hmri tantalum isoated with a dense
and resistant oxide layer under atmospheonditionswhich protects it frona broad variety of
aggressivehemicamedia(e.g.sulfuric adi, bromine, iodine, nitric agidqua regiajquid metaly
making it one of thenostcorrosionresistantmetalsof all®2164

In addition to the previously statéeatures Ta exhibits a variety of promising biomedical
properties, such as excellent osseointegraioef. the activation of boreuilding cells and
subsequent ingrowth without triggering an extended inflammatory réécfioroutstanding
resistance to body fluids, and an overall improved biocompatibility compared to manoy-thiate
art biomedical materials (e.g. Ti andlloys}®*1° Balla et al™* provided a significant demonstration
of the potential of tantaltimased biomedical materials by highlighting the excellent biocompatibility
of porous Ta structures im vitro studies. Beyond its advantageous mechanical and corrosive
properties, Ta has also been associated with enhanced antibacterial and antimicrobial effects, as
evidenced by several studi¢%'2 Notably, Tokarski et &2 observed reduced infection rates in Ta
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implants, which they hypothesd to be attributed to the material's superior osseointegration. This
finding aligns with theace for the surface thea®yyhich posits that competitive colsatiion of the
implant surface by host ceissuch as osteoblasgsover bacteria prevents bacterial attachment and
biofilm formatio’#*’¢, Further research by Schildhauer etdland Zhang et al’® corroborated
these results, demonstrating the antibacterial efficacy of bulk Ta ag@ipkylococcus aurewsnd
Staphylococcus epidermidi@s well as Ta coatings againBusobacterium nucleaturand
Porphyromonas gingivalisespectivelyThe main disadvantages of the material are its extremely
high melting point thus leading temandingnanufacturing technologies, its high density and its
high cost (seel'able3-3).

3.2.2 Niobium2 Nb

As previously mentionedementaNb isstronglyrelated to Taue to their presence in similar
oresin the earth's crustThereforethe main deposits arelosely relatedwith a reported major
occurrence in Brasind other mining sites in Africa, Australia or Russia, just to namé’a feve
extracted obiunmrich ores2 such as columbit¢éantalite or pyrochloresalso undergalemanding
refinement processes accompanied with specific blending efypes, excessive mechanical
fragmentation and subsequanriticalchemical processes, which are described in great detail in the
relevant literatufé’. As mentionedabove adapted methods are also developed for niobium
extraction, which can ensusdower riskrefiningprocessin the futureand thus a more sustainable
supply of the sougkafter elemenrits.

Albeit having aeducedmelting temperatureaboutonly half itsdensityand beingroughly5
times cheaperas can be obtained frofiable3-3, the refractory elementsiobium and tantalum
have many sindl propertie§. Examples aréheir atomic anccrystal structuré both beewith an
"Odoa space groupsimilaratomic radiend lattice constants (Table3-3) 2 as well aphysicaknd
mechanical propertie@hermal conductivity) surface tensiorg, shear moduliG and Poissons
numberY)*é Additionally, and again comparably to Taathdr refractory metals, Nb showsod
resistance to organ&nd inorganic solutions as well@gerall corrosion resistan@ Thisis related
to the pronouncedpassivation layerpredominantly consisting of niobium pentoxide, that
spontaneously forms a@RT and covers the surface of bulk Nb maté&fialCompared to other
refractory metals, Nb and its allop®ssess relatively low densities ahdve a very good
processabilityf?

The commercial usef niobiuminitially commenceth the 1950sand World War Iplayed an
important factor in propelling thecurious meta® into application relatedresearch and
development>'# Themainfields of utilisation ob can be divided into three parkgstly 2 and
with an absolute majorityas alloying element in the steel industigre, Nb acts asnportantgrain
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growth inhibitor and dispersion hardeninglementin genergl as well asbearer of theaustenite

conditioning irparticulat®**®°. Secondly as nuclear reactor materialfor tubings andas blanket

materiabecause of its low capture croessction for thermal neutroradong withits overall neutronic
responss'®1® Lastly, it is used irpotential highemperature structural allsyfor aerospace
applications(nozzle extesions heat shield$®. C. Wqcik'®? published aconcise summary of
relevant higitemperatue niobium alloysnd their respective propertit#fsat is referred to for further
literatureat this point

Anothernoteworthy however, less prominent feature of niobium igyit®d biocompatibilit,
which is directly related the stablepassivatiomayer on its surfac€’. Thereareseverapublications
that report ona connection betweetine oxidation layeiits atomicarrangementnd low surface
currens thusimproving the overall biocompatibifity®* Positivein vivo studies (e.gimplantation
in rats) andcomparison with other metals reinforce these theoretical assumigtitihsThe
mechanical properties dfb with regard tobiomechanical applications are tsided; on the one
hand,the low elasticnodulus cameduce the risk of stress shielding, on the other hiwedelatively
low yield and ultimate tensile strength (Ua8pindicatepoor fatigue propertié¥1%¢ The latter,
however, can be adjusted asignificanthimprovedby alloyingwvith Ta and Zmwhich in turneads
to interesting properties®.

3.2.3 Titanium? Ti

o-Ti

Comparable ttantalumandniobium titanium is alspredominantlgxtracted from Fiich ores,
such asilmenite, titanomagnetite, rutile and anatase and thus refined fronfthdawever, as the
fourth most abundant structural metal in the Earth's crust, thelimineralsoccurmore frequently
than theminerals of theother elementswith the main deposits located in North Amerighijca,
India, Brazil and Austrafia

Even thoughitanium?2 or a Tiore enriched sand, to be more precidewvas essentially
discoveredhboutten years prior ttNb andTa, is commercial use ongfommencedn the late 1930s
and subsequent yedf§'®’ Firstly, his is due to the compleand costlyprocesses required to
convert the ore into its metallic forhcf. first the Huntermetho@®later themore advanceeKroll
proces®®. Secondly,the further metallurgical processiraf the raw metainvolves numerous
challengesassociated with thhighly reactivditaniummelt A few examples of #seincludethe
dissolution ofall solids, liquids and gasé®sides inert gases high affinit to reactwith oxygen,
nitrogen or carbon and to forpxides, nitrides andarbides therefore making thase of vacuum
equipment indispensablas well aghe high melting temperature in genéral®® Eventuallythe arc
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melting pro@dureknown from Ta producticnincludng a watercooled copper crucibkbatinhibis
the reaction othe meltwith the equipment wall was adapteédndimprovedinto theprocess still
used today: theonsumableslectrode vacuum arc remeltingethodto further process the raw Ti
in adequategualites and quantitié®.

Associatedvith the improved metallurgical understanding and processattiigxcommercial
availability of titaniufhand its alloy$ rapidly increaseth the subsequent yegrwith the aerospace
anddefencesectoras one of the biggest driving foré&sOne of theuniquecharacteristis of this
material ighe possibilityto stronglyinfluence and even tailor its mechanical propertiedng to its
different possible crystal structurethe bcc hightemperaturez-Ti phase(lower strengthand
hardness, however higher ductility at;Rmproved strength and high ductility at elevated
temperatures ¢ o mp aTi,emhichtindergees an allotroptcansformationinto thehexagonal
closepacked Kcp 2-Ti phase(higher strength and hardnessowever, reduced ductility at RT;
decreasing strength and increasing ductility, howeér®roved creep resistance at elevated
t emper at ur e s-Ti baowrB885C~&*d>°? Sugprisingly, ommercially purdiexhibits
rathermoderate to lovetrengthandgood ductility(cf. Table3-3), howeveyif other elements both
in the form of impurities or added alloying elemeatsare introduced to thematerial, its
characteristics changggnificantl{?*2°2 Twoillustrating exampldsr thisare grade 4 Tihcp), which
is still characterised agure titanium gradgyet exhibiting a higher content of interstit@aland
substitutional Féhus resulting irenhanced strengtand hardnes$®2%4 andgrade 5 T{TAV), which
is a two-phaseez + X alloywith an excellent strength to weight ratio as weljasd ductility and
adequatestabilityat elevated temperatur¢see Table3-3)20220520¢ Ag priefly touched on abovene
of the mainfields of applicatiorior titaniumbased materialsis the aerospace industrywhich
implements specificallyesignedalloysin a widerangeof areasand applicationgue to their lav
densities and good mechanical proper{ieg. aircraftturbine bladesparts of thelanding gear
wheels parts of the fuselag#-20*2%2

Furthermore, Ti exhibits another distinctive charactevigtich sets it apart from many other
materials: outstanding corrosion resistaircabroadvariety ofmedia® 2%’ The reasonbehind this
is the generalactivepassiv@ature oftitanium i.e. thespontaneougormation of grotectiveTiQ
layer on the surface under atmospheric conditi&h3 he passivatiortheninhibits further corrosive
attacksor even stops them completelydepending on thattacking mediumExamples thafail
against the protective layare strong oxidising medige.g. nitric acidand aqua regjachloride ion
containing agentssaline solutiongand manyaqueous solutionsevenat different pressure and
temperature®. Accordingly, Ti and its allogse extensivelysedfor corrosioncritical applications
in the chemical industrfe.g. heat exchangergeaction vesseland tanks)as well asn offshore
and marine environment®®20,

The inert character of titanium, howevenas only useful for environmentally challengisg
cases, butanalsobe transferred to biomedicalpplicationsBesides its excellent biocompatibility,
Ti and many Tralloys arehighly resistantto special modes of corrosionin physiological
environments includng pitting corrosion, crevice corrosion atribocorrosion(i.e. fretting)
Areas of useof biomedical Talloysare wideranging andinclude orthopaedicimplants, dental
implants,fixations,nails screws,wires, housings cases(e.g. for cardiacpacemakes), etc. %3¢
However, gen hough titanium immongstthe most widely used mategah modern biomedical
applications it® not entirely free of disadvantages well ?*2 Drawbacks includg@oor wear
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resistancelow torsional strengtiland the overalthallengingnanufacturing routé includingthe
extraction of the pure metal as wellths abovementionedlloy productiod harbouring digh risk
of contaminatioffi. e. impurities, interstiti@tomg 1938213

3.2.4 Z-Titanium alloys and related concepts

The basiaonceptof develojng Tralloysis strongly influenced bglloying compositioand
thus the resulting phadermation Depending on factors such as electronegatigiiymic sizeand
general bonding characteristics t her e exi st certain ephasen@®ots whi ¢
Fe, V, Nb;phas¥)Al €rO, N) at&rT, avhen adequately alloyett¥&*TiEspecially Ti
all oys wit h -sructsire a BT dreiofsparticuldr ioteréstbhiomedical applicatiorzs
they possess a good combinationoffdwu n g ® s modul us and acceptabl e s
no potentially harmful alloying elemergach as Co, Cr or?%#2!¢ These alloys contain higher
fractionsof the aforementioned-st abi | i si ng el e me-trtansus tempdratuse | ower
below RTand preventi ng t-phaseA o-Tihsa Mmeétastablecorfigurationin 2
principle several concepts have been proposed to be aljpeadict itsoccurrenceat RT and relate
it to alloying compositioand interactions between alloyed elements

The most commomethodto predict the Z-phase stability igthe socalled molybdenum
equivalent (MgQ), which wasoriginallyproposed byRussian scientists in the seventexdadapted
over the yeard"2!8 In the followingPaul JBania'$’ approach is used as an example for calculating
the Mo as follows

-0 Pp8l- 1T T ™M 17 T Y A ™8 d A R&A pp# Opdt! | (6)

In the empirical equation above, the coefficient preceding each alloying element represents the
ratio of the betatabilsing concentrationY;) for molybdenun? taken asareference value of 10.0
2 to the 2. of the respective elemein weight percent (w&6) Aluminiumis assigned a negative
value to account for its counteracting effect, as it prometphase stability rather thariphase
stabilsatior?®. If an alloy compositiones a Mqq greater than 10, literature states that h gphaZe
is stable at R&nd competing phases are suppresdefidditionallyBallor et at!° proposa an even
more detailedange,stating thata Mqq of 10-12.5 can lead t@ partialconversion fron®- to | -
phase? a more detailed explanation is given bélawMa, of 12-15 supports deformatieimduced
twinningand a Mg, greater than- 15 supportsslip-dominant deformation.

The second method to be mentioned here isttieoreticalprediction ofphase stability and
elastic propertiesf titanium alloys using th@ond orden(B,) andthe d-orbital energy level (yof
the alloyedconstituent®®. Moreover severalpublication¥®#!provide an estimate of the expected
deformation mechanisms based tite B-My correlation which accordinglyleads toa certain
predictabilityof the mechanical properties differentalloy compositionsThe parameters can be
estimated as follows:

Bond order " B8 " (7
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(8)

D-orbital energy level - 8 -

here, X is the atomic fractionf the respectivetfh) alloying elemen(B,); is the bond order and (I

is the dorbital energy levelf these parameters are knowthe Bo-My correlation can be displayed
graphicallyand the theoretichase compositigras well as mechanichéhaviour of the alloys can
be interpreted as displayedchematically ifrigure3-5. Although this is a theoretical approach, the
generated results agree well with experimental vahgebas been shown the literatur&?223
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Figure3-5: BasicB.-Mu plot withdistinctivephase boundaries and respective deformation characteristics, obtained and
adapted from the literatui@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 all oyi ng e{Tiealogsrcdndorm nidastablegses upon rapid cooling, such
as hexagonal martensite alpha prime (2®}, ortho
centredc ubi ¢ beta pri me ( Z®I)™dhelattes iz agicularly hotewontleyg a p h a
due to its different formation mechanisrathiermal omegal (.r), as fine dispersed particles during
guenching f-transos teanpevature; isdthermal omedassf, as homogeneously
distributed precipitates which form during {mperature annealing; or as deformation induced
omega®.

The | -ph a s e originating from def estabised alloymng pl ay s
compositions that undergo adequate he@atment procedures i.e. tailored to suppressan and
| iso 2 @s it may interfere with the expected mechanical properties. Thereby not only the type and
manner of deformation can changee.g. from slipdominant deformation to twinning, or even
different types of twinnifi§ 2 but also the basic deformability of the alloy, as it is reported that the
hexagonal -phase can lead to severe embrittleni®&nt
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To complicate matters further, the detection and charaatérii on -ph a & dTiellays =
is particularly challenging due to its fseale morphology and complex transformation behaviour
albeit similarity to theparentin@® u b iplase@eeFigure3-6), necessitating the use of advanced
techniques such as higesolution transmission electron microscopy (TEM) or atom probe
tomography (AP¥f. Asthet o p i i pleabeinsiability andransformatios is much more far
reaching and intricate thaan be covered in this thesimore detailed information can be found in
the textbook-Titanium physical metallurgy, processing and applica®bysFroe$® and other
correspnding iteraturefor further reading.

Primitive w unit cell

Relationship between
primitive w and B unit cells

w-Phase

Figure3-6: Depiction of the primitivie unit cell, the lattice structure of thephase with a highlightg@range)primitive
cell and the relation between the primitivanit cell and the bcZ-Tiunit cell§.

3.2.5 The ternanalloy system TaNb-Ti

Toadequatelpegin this section, ihustbe stated thatompared to the individual components
and their binargompositionsinformation on the ternary systenréativelyscarce Moreovermost
availablepublicationsare notprimarilyfocusedon biomedicamatters butaddressotherintriguing
properties of alloys within the system, suchpasential superconduwity or superelasticits?”2.

In addition,these studiesare more likely to be dsed onconventional alloy design, i.the
establishment o& specific ratio otwo of the constituentswhilethe third one is variednd the
influence on the aforementioned properties is monitaedimilar

Only more recentlyhe TaNb-Ti system hagainedincreasingattention as sub system within
more complex HEA compositionrsuch asthe equimolaralloys HiNb-TaTiZr, MoNb-TaTi,
AFMo-Nb-TaTrZr, or similaf**?32 These systemsare mostly targeted towarddoad bearing
applicationsn hightemperature environments, thpsimarily invokinghe refractory character of
the elementgantdum, niobium and titaniuf and the according propertiés Nevetheless,the
potential biomedical properties of the element combination have also attracted the interest of
researchersand studies have been carried out on biocompatitiilitprocessing’>2*¢ or powder
metallurgicaproductiod®*?%°, Although manyositive finding$have already been generated here
mostinvestigations relate to n@guimolar compositionsith high Ticontents? i.e. 2-type alloy¢
or do not examinkepresentthe comprehensiveaopic in depth? e.g. regardingmicrostructural
development, microstructwgopertyrelations or microstructusbiocompatibility relatiors thus
leading to darge number of open questions.
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4 Materials andmethods

The subsequerthaptercovers the production, processing and analysis oalllogs developed
in this work Furthermorethe biocompatibility testingroceduresare presented and described

4.1 Preliminary considerations and thermodynamic calculations

The initial consideratiofiar the alloy compositiorovered in tls workarebased on thephase
diagrams of the constituendésdthe phase compositions to be expectéde 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

HEAderived calculations

In order tobe able to estimate the phase stabilihe parametersl Gd S, d Hix tr andLl
were calculatedbr all alloys investigataasing theequationg1), (2), (3), (5), asdescribed in the
theoretical parabove which are briefly listed here again for better comprehensibility:

Gibbs free energy Yy Y( 4y3 Q)

Entropy of mixing y3 2 Al RA (2)

Enthalpy of mixing Y( ; Yy AA (3)

Solid solution prediction m B Au 4 V3 (4)
¥( s

Atomic size difference 1 A p OF AO (5)

Molybdenum equivalent

Furthermore,the above shown molybdenum equivalenté) 2 adapted to the alloying
compositions examineghdreferred to as Mgfrom hereor? as well as theelationship between
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the expected phase stability and the elastic propertiesaifoys via bond order {Band dorbital
energy level () wereimplementedn the theoretical considerationsing the following equations:

Mo-Equivalent -0 P8tx @b - 1T M yx8b. A ™ ¢x 8p 4 A 9)
Bond order " 8 " (7)
D-orbital energy level - 8 - (8)

Weighing calculations

The final alloy compositions wesabsequentlscaledup to the desired gantitiesin g and
converted into theiweight proportionsitilisingthe following equation®.g. 100g):

Weighin ratio - Adr @0 z- @ ,

(Wt.%) T80 & o:i-o AEPU:Z-U 8 PTT (10
Weighin ratio iz éb @z (11)
(mass) pTT

wherewt. %(x) is the weightpercentageof one of the constituentst. %(x) isthe atomic or molar
fraction of the constituent within the desired alloy composith(x) is the molar mass of the
constitueneandat. %(y) M(y), ©, molagfradtidngand masses of tliemaining components.
The actual weighing quantih{x) of the componentanthen be determined via the second equation
(112), multiplying the respectiwgeight fraction with theotal weight of the sample awiividingit by
100.

The theoretical density of the allapsg/cn® was determined using thequationto calculate
the density of a disorderes$**° as follows:

us]
_:Ez

Theoretical density ™ ! (12

vy]
§|>

wherec; is the atomic fractioin at.% A is the correspondingtomic weight igdnol* a n dis tie
densityof the element.i
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4.2 Primary forming and hedteatment

All alloys examined weregmaredusing an ingot metallurgy approaatich primarily consists
ofarcmeltingunder Aiinert gas atmospher@M) and a subsequent homogenisation lregtment
The AM technique was implementeglit offers the possibility of melting different alloy compositions
in a relatively simple and reproducible proc&sespitemplementinglifferent types of AMystems
(type MAM1 and typeAM 0.5 Edmund Buehler GmbH, Bodelshausen, Geinarlye course of
the examinationpresentedhe principles similar: The previously prepared alloying compositions
are placed and subsequemhgltedto buttonshapedngotsin a watercooled copper crucible, using
a nonconsumable tungsteslectrodaunder constandrgongas flow Theinert atmosphere is crucial
to supress the oxidation of ttloy samples during the melting processl had been gettered by
previousmeltingof a purezirconum or titaniumsample before the actual allotq decrease the risk
of remaining oxygen uptakdll starting materialfor alloy productior(i.e. elemental granules,
chippings, flak@swere obtainedn high purity £ 99.9 for all components usedhdwere carefully
weighedaccording to thearget compositionTo ensure sufficient homogeation of the allog
during themelting process, the samples are flipped andhadted several time# schematic AM
setup the resulting buttoishaped sample geometry and exemptigdriticmicrostructuresn the
as-castcondition(AC) are depicted iRigure4-1. Sample quantities produced were eithergldr
1009 buttonsized ingots, depending on the anelting device used

Handle —_

Water cooling (handle)

Feed-trough of the electrode _

W-Electrode

Furnace chamber

Cu-Crucible

|

Button-shaped sample

ct/q—

—

Water cooling (crucible) Power supply

Exhaust air du

Exemplary microstructures

Figure 4-1: Schematic depiction of an amelter, the buttorshaped sample geometry and exemplary resulting
microstructures.
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The subsequent HExperiments were carried out in a custbmilt hightemperature tube
furnace (TypeLOR®HTM Reetz GmbH, Berlin, Germany) under vacadt®(hPg. All specimens
were wrapped in tantalum foil and carefully placed in a molybdenum annealing box with added
titanium spongé as oxygen gettet to prevent oxidation. The procedure included a heating rate of
5 K/min, the ensuing heat treatment period and furnace cooling of the samples afteinvtres
following, arrier gas hot extraction analyses (CGHE) were performed on small pieces of the alloys
producedafter homogenisatioto check for oxygen and nitrogen contamination. The determination
limits for O and N were 5 and 113 ppm.

All buttonrshaped alloy ingots werut vialiquidcooledprecision cuttingon a conventional
laboratory saver electric discharge machining (EDid) further analyses and mechanical, as well
as biomedical testing.

4.3 Metallographicsample preparation methodologies

The general purpose tifie nmetallographi@reparation of materials and alloysofscourse to
generate the best possibfgerequisite fosubsequentnicrostructural analyse$iowever, as the
investigationgarried out in the course of the work presented were multifacetetespondingly
different preparatiompproachesvere employed.Thesemethods areschematically displayed in
Figure4-2 andwill be briefly described in the subsequent chapisrthe preparation dghe alloy
systems examines$ not trivial andharbours many challenges, it is heavily dependepkparience
and thus empirical value$he followingexplanations are therefometended as a guide for future
works and may be described in more detail than ususdme cases

4.3.1 Particularcases

Before going into more detail regarding threparation of samples, two special types of
specimenssets shall be pointed out here, whidbviatedsomewhafrom the established standard
processes First, samples that were prepared for electrochemical investigations (i.e. corrosion
testing)hadto be contactedby spot welding cable to thenyprior to the mounting process. Second,
they werecold embeddeth epoxy resiffunder vacuumjlue to theattachedvire andsubsequently
preparedusing the conventional methods

Furthermore, sample®r mechanical testing or similaas well asspecmens to be used for
larvae implantation trialwere either not metallographically preparedgeneral orunderwent
preparatiorand subsequent analysifter they have been testethesespecific conditionare taken
up and described again in therresponding chapters.

4.3.2 Badc preparationmethods

The following steps were carried out ibasic microstructure analysifi.e. generalquality
control of the microstructure, check for impurities general comparison between alloying
compositionyis aimedfor, or if the objectivevasl i mi t e d -st oo at h @or subsenuentc e
biomedicakxaminations.

Firstly,to ensure easy handlingl] samples were hanountedin eitherelectrically conductive
2 jf scanning electron microscopy analyg&&EM)were to follow? or regular(non-conductive)
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embedding agentusing a hotmounting press(Labopress3, Struers,CopenhagenDenmarlk
Moreover, eépending on the size of the specimens, either btaakansparent medium was used
for embeddingwhereas the lattewas used tobe able tomonitorthe sample size of very small
samples during preparatioBecondlythe samples werkevelled anganded only usingvaxed320
grit SiC papeunder constanivaterflow. Depending on the number of samples, grinding was carried
out either manually (by handh a QPOL 250 M1 (ATIi@ness GmbH, Mammelzen, Germany)
machineor using a semautomatiqTegraPol System, Stige Dexmark) machinein central force
mode.Polishing of the specimeamas then carried out in each case udingsemiautomatigrindng
and polising machineThe performed polishing stepsd parametersas well as theloths and
agentsused can be obtained from tekeheme Figured-2). The main difference between preparation
for microstructure analysisr biomedical testing purposess the use ogingle sample preparation
modeand the addition of a ¥m polishing stepn case of the first, and the usetbie sample holder
and the change from $m ©ORS (active oxide polishing suspensiorpolish for the latte.
Additionallyall preparedsamples fobiocompatibility and bacterial testing weigmountedprior to
the investigations.

4.3.3 Specialised procedures

The following techniques were developedteparealloy samplesor deformed specimens
adequately for subsequent-depth analysesn the SEM (i.e. electronbackscatter diffraction
(EBSD))The aim hereby was to establish a preparation method with as little deformation as possible,
thus notinterfering with the sensitiveneasurement methodsr falsifyingthe microstructures
present which provides reproducible sample quality for all alloy compositions investigatéuls
purposea second grinding stepn waxed2500 gritsanding papewas implemented after theitial
grindingon 320 grit papeto directly provide a finer surface quaktydto removea fraction of the
sample surface already deformed by the previous. §iep subsequent polishing procedure was
performedon acompactsemiautomatic single specimanachine MiniMet 100(Buehley Lake
Bluff, IL, USAwhich agaimrovides avery low deforming polishimyocess Although the 2500 grit
sandpaper is already in the same size range as the polish, the polishing process was always started
with a 9 um steffor about 180min. Different trials have shown that the 9 um pdtigspecially as
a monocrystalline suspension was used Reseafficiently removes theicro defomationfrom the
previous and more aggressive grinding processulting in a optimalbasic conditiorfor the
following fine polishingn generalthe polishing was carried out using a mixtureédéfS(0.1 pm
grain sizeps lubricanaind therespectivepolishing sispensioras primary abrasive mediyumuhich
was distributed on the polishing cloth at the beginning of the pro@esprevent any C&from
crystallsing, only alcohol basegdolishing suspensions were used fhistpreparation methodhe
grain size of the polishing suspension was then gradually reduced from 9 to 3iantalivays in
combination with the 0.1 um OP agent) in the following stegssegjuenfinal polishingwas then
carried outusing only OPS as polishing medium however, with a finer grain size of 0.06 pm and
buffered with hydrogen peroxide (%) in a ratio of 5:1 to reduce possible oxide formation and
ensure smooth polishingt.should be mentioned here that tast step was visually monitored and,
if necessary, carrieout for longer than the specified G0Onutes.The parameters developad well
as the materials usechn be obtained frortine box on the right ifigure4-2 in detail
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Preparation of sample geometries
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geometries for mechanical testing
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Figure4-2: Materialographipreparation methods developed and implemented during the course of the investigations.
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4.4 Microstructural analgis

As analyticabpproaches are crucial to understand microstructivahges and interactions on
a deeper levah materials sciengehere are numerous techniquasailableThe followinghapter
demonstrategshe methodologies used here and gives a brief overview of the respective contents
and characteristics

4.4.1 Microscopy technigues

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 resultsin contrast to SEM techniquéshowever, boundaries are clearly
defined by the wavelength of light and thus limiting magnifications of around*1.000x

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 pertitismgaptical
microscopy images (in combination with the image processing softmaaged In addition,
deformed samples as well as cracked specimens after mechanical testing were primarily analysed
using the optical microscope. Depending on the haion 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 microscopysEM

If high magnifications areeededfor analysisthe 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 resolutf@nThis 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 uaed to sc
the sampl&?. During scanning, the highly accelerated electrons (conventional acceleration voltages
between 0.5 and 3KV) excite the atoms within the sample under investigation and different beam
specimen interactions occur: Emission of Auger electrons, emissienafdary electrons near the
surface, emission of characteristic-ra§s, backscattering of electrons and emission of
bremsstrahlung, to list the most important onesKajured-3)%*%, 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 summarisatled-12**
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Figure4-3: Schematic depiction of the interactions between a primary electron beam and a solid material, reproduced
afteP*s.

Tabled-1: Summary of core SEM methodologies and their characteristics, compiled from corresponding3itéfature

Mode Characteristic Utilisation
Secondary electron Detection of lovenergy Highresolution imaging of
contrast (SE) secondary electrons within the surface topography and
surface and direct image morphology
conversion
Backscattered Detection of higlenergy Differentiation and visualisation
electron contrast backscattered electrons that are  of compositional contrasts thus
(BSE) reflected from the samples atoms microstructural differences

nuclei and provide different
contrast, based on their atomic
number (the heavier, the brighter)

Energy dispersive  Detection of resulting-¥ys Elemental composition analysis
spectroscopy through the electron (qualitative and semi

(EDS) bombardment gquantitative)

Electron Detection of diffracted Mapping of crystal orientations,

backscatter backscattered electrons that visualisation of grain

diffraction provide information about boundaries, phase identification,
(EBSD) crystallographic orientations texture analysis and other

crystallographyelated 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 anectm&uming, a 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 pay 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 itselicasses
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 fouritigs 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) anddattdred electron (BSE) imaging.

BSE contraswasthe primary imaging odeused during the investigatiodsie to its superior ability
to distinguish betweedifferent phase compositionsvhile SE imaging wasnainly appliedfor
identifyingpores, cracksand other aréfacts, owing tdts higherspatial resolution. Examinations
focused on chemical composition and distributibdemens were primarily carried out on a Zeiss
EVO 15 SEM (Carl Zeiss AG, Oberkochen, Germany) using@8téa)pr energylispersive Xay
spectroscopy (EDS) and Genesis analysis software (EDAXaMaily USA) by means of spot
analyses, area analyses or element mappings. For the acquisition of particularbsdligion
images and the investigation of crystallographic aspects or orientation dependent relationships, the
DualBeam FIB/SEM system &&ibs (FEI Company, Hillsboro, OR, USA), equipped with-afstate
the-art EDAX electron backscatter diffraction (EBSD) detector and correspofidiranalysis
software (EDAX, Mahwah, NJ, USA) was used.

4.4.2 X-ray diffraction analys

X-ray diffraction (XRDjs a common method to investigate lattice structures in crystalline
materialsand thus gain information aboptesentphase and theircomposition The underlying
principlesfor thismeasuring techniquare based on the ability ofystalline solids to diffractpay
radiation and depict characterigittern Depending on their position and width, these characteristic
patterns provide direct information abdattice parameters, space groups, chemical composjtions
as well asthe crystal structures presefite. atomic positions or site occupanty) Moreovey if
whole powder pattern fitting(WPPF)methods(e.g. PawleyFit) or refinement techniquege.g.
RietveldMethod)are utilisedfollowing the measuremergyen more precise data can be obtained
with regard to the detected crystal structures and stresses, as well as quantitative information about
the phases presefit.

To give a short overvie\ilrthe XRD method is based on the emission-céys, which are
generatedoy heating up a W filament and accelerating electrons towards a target raseady
Cu, Co, Ni, Mo, Fehside of an Xay tube(Figure4-4 a). The emitted Xays exhibit a typical
spectrum, which is divided into tlBeemsstrahlung generated by deceleration of the accelerated
electrong and thecharacteristispectrun? generated by changing energy levels of electrons within
the anode materidf. The schematic design of aAray tube and the resulting spectra are depicted
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in Figure4-4 Beam generation & sped®a&Subsequently, themitted X-rays can excite the
periodically arranged lattice structures of crystalline solids, wHeending on the angle of
incidenceyesults in constructive or destructive interference Fafure4-4 b). The former occurs
when the Bragg®s condi ttton is fulfilled, the

Bragg equation T cA 20E[ (13

with n asorder of interference (areflection order) a s t h e ofvite wadene Xrayginh
nm, dwa as interplanar spacirgf the correspondintatticeplanein nma n dq adgeflection anglef
the Xraysin °2%,

Said constructive interference is subsequently detected and shown as distribution of intensity
(in arbitrary units) as a function dffdegreein a diffractogradf®. The generated diffraction patterns
can then be assigned to different chemical elements or compounds, as described above.

(a) Beam generation & spectra R

Continuous & characteristic

Design of an X-ray tube
spectrum of X-ray radiation

Acceleration voltage
Characteristi

radiation |\

O—

Electron beam

Intensity

Heating e © o0 © 0O oo o
voltage © 0 05%0 0 °0% s 00°e
Cathode
Conti t
X-rays ontinuous spectrum
Wavelength (A)
\ J
Interaction between *. Geometrical condition for
sample and X-rays  ~ ™. diffraction

\ S

Figured-4: lllustrationof the key components ofpay diffraction analysfksa) Generation of Xays via the Xay tube and
corresponding spectrd) interaction of the emitted-bays with the samples lattice structure and the geomebaatdary
conditions for diffraction from lattice plaff&g+¢
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As coarseggrained 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 pulvériiledl down from the bulk
materiaP sample material. The metallic powder ensures a variety of randomly oriented crystallites
contribute to each reflection, producing smooth, reliable D8blgerrer rings and thus providing
the most reliable statistical uak“®. The labbased X ay di ffractometer PANal
(PANalytical, Almelo, The Netherlands) in BBagge nt ano geometry, using C¢
utilised for the investigations. The samples were measured over a 2 theta range f160°1@4th
a sep 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 HTntmfgaimation 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 ofraetalis the interface betweehe technical materiahdbiological matter
it is essential to examine and characterise it accordifgyecially thesurface roughnessthe
wettability and the surface free ene(§fE)are important parameters for te&tended 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 u@s® section4.4.]), confocal
mi croscopy (Ysurf expert mi croscope and corres
Germany) was implementéd the investigation€Confocal microscopy uses spesidi apertures
to block outof-focus light, allowing it to capture highsolution 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 statkdong the axis. As the sample is scanned, a computer
reconstructs a detailed threkmensional representation of its surfdte

This methodology was used to determine the surface roughness parameters of differently
manufactured and prepared specimens, such a88 arithmetic average heighit) nm, R, (2D
arithmetic average height) nm, S, (2D maximum heightpeakto-valley in nm R, (2D maximum
height peakto-valley in nm etc. in accordance witbDIN EN ISO 2517B and DIN EN ISO
25178224249 Theanalysis waperformedo n an ar ea o f sing & 20x magrfififalon Ym, ut
objective featuring an 8 Adiitioviatly dr betterstatistitsat{east y) me
three different measuremenper sample were conducted, as wellsaseral specimens measured.
Conventiond50 T6AFYV AMS 4928 allir AV) irmnnealeadondition(procured from TiRus GmpH
was used as the reference material for all experiments (mechanical tests as well as the subsequent
biomedical investigations) thisdissertationBy collecting the roughness valyerrelating them
to different alloy compositionsonditionsandthe reference materidlAV, as well asnplementing
them inthe further biocompatibility trials,better comparability can be achieved with regaotio
adhesion and proliferation, as well as matdudakeria interactions.
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4.5.2 Contact angle, wttability and surface free energy

I n gener al , t he ingdgred which destribds the shape aof g ligued dioplét
at equilibrium o solidsurfacecan be used to determirits wettability. This angle results from the
balance of interfacial tensions at the thpéase contact point, where the solid, liquid, and gas
phases meét’. The equilibrium condition is describedthgfollowing equatian

Young®s equat r r AT[Or (14)

where{scis defined as the tension between the solid and the gas phaddan?, ¢ 4as the tension

between the liquid and the gas phas&in?, U as t h eindegoemtnadcasthedensgpm e

between the solid and the liquid phaséNd? (as visualised ifrigure4-5)2*°. Thecontact anglés
determinedvisually usingan optical contour analysing deviged can be measured subsequently
Depending on t he v abehagoursdn béjdistinguisied eontachanglewfe t t i n g
0° corresponds to complete wetting, where the liquid fully spreads across the surface. An angle
approaching 180° theoretically represents completewstting (practically norexistentdue to

residual adhesive foes). Contact angles less than 90° indicate good or partial wettability, while
values greater than 90° signify poor wettability characterie hydrophobic surfaces.

Yic

Gas

YsL_ 9 »YsG

>

4

Figure4-5: Visualisation of the different vectarsf t h e Y o u dudn® eontactjangée tdéteomination on a sessile
drop (reconstructed aft&f.

All contact angle measurements were perforrmedessile dropaising an OCA®@system
(DataPhysics Instruments GmidHIderstadt, Germany) and evaluabsihg the software SCA 20
(DataPhysicdnstruments GmbH, Filderstadt, Germ)amy accordance witlthe corresponding
standardDIN EN ISO 194083,

Furthermore, the&SFE? in terms ofinteraction energy betweemsolid surface ath a liquid
surface? can be determined based on contact angle measuremtiisdifferent probe liquids
According to the Owend/endtRabelKaelble (OWRK) methathe interfacial tension between a
solid and a liquid can be described using the followamelatior

OWRKeorrelation r r r C r ror (15
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wherethe surface tension dhel i q g in N®n'] as well as the FSE tfes o | sgin NDi*are
divided intadisperse ( ,r ) andpolar(r ,r ) componentgall in Nin?). In order to be able
to experimentally determine the SFE of an unknown surface, the polar and dispepsments of
the surface tension dft least two probe liquids must keaownand the OWRK correlation must be
transformed int@ lineaform (U | @ @ as follows™

( p p AT[O
Linear OWRK correlation ' Qr_ r 237— (16)
r
withthe component§ r ,@ —andO r .These are used in the followingfia linear

regression andbtainthe unknown surface free energy of the salidNd?, as schematically
depicted inFigure4-6 2.

@ : individual measuring points

o : linear fit

S /

.l
Yic
YEG

Figured-6: Graphical representation of surface free energy determination according to the OWRR'method

1 [1+ cos(8)]
D
L

All SFE calculatiomsesented in the following were obtained using the OWRK methodisvhich
conveniently implemented in the abovementioned 2B ftware The probe liquidesed,and the
correspondingsurface tension aluesare listed inTable4-2. The parameterdor deionised water
(H.O) anddiiodomethaneGHl,) were obtained from th8CA databast Rabelfor the former and
Owens for the latter while the value for thioetalcalf serum FC$ was determined viBu Nouy
ring method The FCS usedas diluted to g@rotein content of 3@/l using deionised 0, buffered
with EDTA stock solutiofp00 mM) and protected against bacterial infection v@@mtanycin 1 %
andAmphotericin B %.Allmeasurementsere repeatedhultiple timeon each sample tgenerate
sufficient statisticadlistribution,andthe general procedur@as conducted in accordance with the
standard&*2*3
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Table4-2: Probe liquids used for theontact anglaneasurements: Deionised water@H), Diiodomethane (Gl and
foetalcalf serum (FCS) with corresponding surface tension values and components.

Liquid £ MND? £5 MNO? £, mNan?
H.O 72.3 53.6 18.7
CHI 50.3 1.3 495
FCS 66.8 - -

4.6 Investigatiors of mechanical properties

Mechanical testing isneimportant parin the charactesation of engineering material&/hile
microstructural analysis implemented tadentif/ the elemental composition and potential phases
present, mechanical testing determirtiee actual behaviowf a materialunder variousoads and
forces. These tests reveal key mechanical propérsesh ashardnessductilityand strengti? that
govern a material's performance in structural applicateomd are essential to generate an
understandingbout alloydesignand development.

4.6.1 Hardness testing

d2

dl

Figure4-7: Schematidllustration of the/ickershardness testing methaalith the resulting indertighlighted in orangé.

A common initial method to testing a material with unknown properties is to determine its
hardness. The hardnegsor microhardness, depending on tlead and the scale of the tested
microstructure and its compositi@ris not only an important property itself, but also serves as an
estimate for other material characteristgisch asobservations regarding brittle or ductile behaviour
and/or crack formatidtt.

While there exist several techniques to determine hardness values in gethepahding on
the material to be tested and hardness to be expéctid principle after Vickers is briefly explained
below as it was the method used in the course of the investigations. This method uses a defined
squarebased diamond pyramid to create an indent in the samples surface by applying a set force
(1-120kilogramsforce, kgf) over a set time (105 sec.), which is subsequently measured and used
to calculate the Vicketsmardness numbét. The schematic testing setup and the resulting square

42



Materials and methods

shaped indent are depictedkigured-7. The following equation is used to calculate said number in
relation to the applied load and the diagonal length of the indentation:

e o J0)
CCD:‘?EQF P v B 17

Vickers hardness calculation (6
A A

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 1Kgf is appliedf*. In more recent publications, the Vickers hardness is often
converted from the unless number to GPa |gf/mnt ~ 9.81 MPa¥*® 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 withithedstvilare
DiaMeti and evaluated in accordance with the starfdaflepending on the sample size, the testing
process involvedutomaticallypositioning 340 Vickers indentat a minimum distance of 2.5 times
the indentation diagonal 0.5 mm spacing in sdirection and Inm spacing in ydirection, to be
precise? on the surface, for the overall hardness measurements.

In addition,grainspecific(8-16 grains per sampld)ardness testing was conducted the
polished and etched AH samples by placing arrays-®firtlents depending on grain size.
Subsequently, the samples were examined using-BB&8D in the FEI SCIOS, and the underlying
grain orientations were correlated with the measured hardness values through the crystal orientation
feature in the OIM analypgissoftware. The evaluation parameters were defined ¥ofiaunit cell,
and the associated lattice rotationswaapped to a coordinate system aligned with the directional
vector <001> on the [001] crystallographic plane, which was-cotted accordingly.

4.6.2 Uniaxial compessiontestingat 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 diatg duch 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 ddlastic 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.
Addtionally, to obtain more precise datand to compensate for the deformation of the load frame,
the crosshead and the testing equipntetiie testing machines are typically equipped with a sensor
to measure the actual displacement of the sample, eith@owtact or via optical measurentéht
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Figure 4-8: Schematic compressive stresmpressive strain curve withelevant parametersaccording to the
literaturé>+2%8

Typical metallic compression specimens are usually cylindrical esbaped, with a defined

height (B) and diameter (@ in mm and an aspect ratiopf — ¢, according to the stand&fd

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 ledidplacement curve. Subsequently, the results are
converted into the normalised and material specific quantibmpressive stresszf) in MPa and

compressive strairffl{) in % using the following equations:

Sample area g A 0 (18
&
Compressive stress A T (29
: . YE E E
Compressive strain R = £ (20)

The data obtained in this way can then be plotted as a compressivesttegascurve and
further analysis, such as the determination of the elastic and plastic deformation, the compressive
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yield strength%;, )in MPa,the 0.2 of f set compr e 9.8)inWMPa, theamatimbms t r eng
compressive strengtlgt o) 2 determined within a defined straining rahge MPa and the maximum
elastic compressiofi{) U Rt i$ reachgd in %, as well as other paramétets

All compression testaere performedt RTon the alloys in the AC and the AH conditind
acmording to theabovementionedtandard®®. For this purpose, cylindrical specimens with a height
of 3mm and a diameter of 118m were cut by EDM from representative oeméegions ofeither
the buttonshaped sampleproducedor the bulk samples after HThe surfaces of the samples
affected by the EDM process were removed by lapping using a suspensiongohiiivesl quartz
sand and ethanol, stirred with a magnetic stirrer and an agitator for 5 hrs. All samples then showed
shiny metallic surfaces and weemeasured/ checked again before the tdestsaccuracy. The
compression tests were performed using an eleptexhanical universal testing machine (2100,
ZwickRoell GmbH & Co. KG, Ulm, Germany) at a constant crosshead speed corresponding to an
initial (engineering) strain ratef p 1 O and the compressive yield stresses were determined
by the 0.2% offset methodThecharacteristic values were subsequently determametianalysed
usingOrigin Pro 2023 software

4.6.3 3-point bendingtesting at RT

neutral fibre

Lh
Figure4-9: 3-Point bending test setup with the relevant dimensions for evaluation.

In principlestaticbending tests are more common for ceramics and brittle materiala@naje
as well as polymers and composites (cf. delamination behaviour and similar gffaot&r metallic
materialsand the corresponding testing methodologies often differ from one another as a result. The
following section will examine thep8int bending test on metallic materials in more détakural
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. Moreoverlife&bading conditions are often
present as bending stresses, especially in the field of bicaladiplant materials, thus making it
particularly interestifiy. The tests are usually also performed wmiversal 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 stand&ftl

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 I68dAt 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 loaddisplacement 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 gvin mn? as follows®*262:

Flexural section moddu - AL (21
x E
Second moment of area ) — (22
pPCq
Distance between extreme E
. A - (23
and neutral fite C

Here, the second moment of area of the rectangular bending specimen(i)f must be
calculated using its widifw) and heighih), as well as the distance between the extreme (tension
or compression) fite and the neutral fik (dmway in Mm, which is calculated by halving the height of
the beam.The dimensions required for determining the characteristic values can be fdhed in
schematic representation Figure4-9. The equations used here refer specifically to rectangular
crosssections and the assumption that the bending moment acts around the horizontal axis through
the centre of the beai¥f. Next the bending moment (Jlin Nnm must be determinetb calculate

the overall pinNemi¥?fal stress (3
. &
Bending moment - Edc— &dT— (24
Flexural stress A — (25

with F as applied force and as length of the flexural specimen.

In order b generate a comparable flexural strfiexural strain plot, the strainir{@;) of the
bending beam during testimg %is calculated as follow&
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¢ TATE

Flexural strain (26)

whereb; is the deflection of the sampile mm, h is the sample heiglm mmand Ls is the distance

between the supportsn mm Characteristic values such tige elastic and plastic deflection in %,

the flexur aly)dpMRalthie 0.8a rod f gtet (f3 e X wgyad MPg,ithel d st r
maxi mum f | e x4) ¥ determined withis a defingstraining rangeé in MPaand the

maximum elasticleflection(Tes) U Rl IS Feacled in Y%as well as other parameters can be

di stinguished ,fligrapm t he resulting 3

The flexural modulu&,) of a bending beam during elastic deformatio@Pacan be calculated
using the subsequerfiormulgs?264

Flexural modulus % —_— (27)

with X% as the starting point of the flexural modulus determination (in relation to the force applied)
in N, X; as the end point of the determinationN, bx as deflection between the points ahd X in
mm, the sample width (w) in mm and the sample height (h) in mm.

Similar to the compression tests, alp8int bending tests were performatRT on the alloys
in the AC and the AH condition and in accordance with the st&idang micro bending beams
with the dimensions of 182 x 2 mm (length x width x height) were obtained from representative
sections of the bulk samples andt to dimensions via EDNArior to testing, all specimens were
cleanedand theresidual EDM surface layer was gradually removed using SiC(ppper 4000
grit) until a defect free and shiny metallic surface was achieved. The bending tests were carried out
at a constant crosshead speed of l/minusing either a tensile/ compression stage, equipped
with 3-point bending clamps (CT500, Deben UK Ltd., Wadk)twith a maximum load rating of
500N (TNT alloys) or in a custom made@nt bending setup for a universal testing machine
(TIRAtest 2825, TIRA GmbH, Schalkau, Germany), manufactured to tistesalaels and capable
of higher loads (alloyA&V). All samples tested were deflected-t@5 % deformation in order to gain
sufficient insight into elastic and plastic deformabilihe determination of further characteristic
values from the standai¥ (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 Gduteaien
was to carry out a portfolio of experiments that would detiwaciseresults and be scientifically
established, thereby allowing for easy comparison with other biomat&liatethods were carried
out in accordance with EN ISO 109iBlogical evaluation of medical dev@egeneral, however,
the specific partsef the standard are cited in the relevant plab&sreover, all tests were performed

47



Materials and methods

on multiple platelets of the alloys developed i€ and AH condition, as well as the elemental
materials (Ta, Nbri) and TAV aseference alloywhich were prepared usilng the procedures
describedabove unless explicitly stated otherwiger clarification it should be added here that, for

the sake of si mpl i2eig.the TNTAG sampleparfarms workegharsthermNT e ®
AH samplé 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, mnocyte response tests evaluate how monocytic cells react to materials, when
being in direct contact to thernThe response occurs in the form of grdlammatory cytokine
production(i.e. TNFe , -1 E -6 ahdUL8), which can be measured and evaluated.

The inflammatory studies performed in this work weengied outin vitrousing human acute
monocytideukaemialerived Monamac6 (MM®6) cells, which were cultured in a density oflifb5
in 100 pLand seeded on the surfaces of ghlateletsor 24 h in accordane with DIN EN ISO 10933
5%, Subsequently, the cells were lysed using TRIZeagent(Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USAnd ribonucleic acid (RNA) was extracted for quantitative retrarseription
polymerase chain reaction ({RTR) analysid-ollowing, 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 Bioysystdinermo Fisher Scientific, Waltham,
MA, USAwith random primersQuantitative PCR was then performed using 8YBfRen in the
QuantStudio 6 system (Thermo Fisher Scientific, Waltham, MA, TU#Ajprimers used at an
annealing temperature of 8Q are listedn Table4-3 below:

Table4-3: List ofinflammatory markers (cytokines) aaccordingprimers used for quantitative PCR.

Inflammatory marker Abbreviation Primer sequence
hikl X For ACAGATGAAGTGCTCCTTCCA
hikl1 2 Rev GTCGGAGATTCGTAGCTGGAT
hTNFe _For CAGCCTCTTCTCCTTCCTGAT
hTNFe _ Re v GCCAGAGGGCTGATTAGAGA
human Transforming Growth hTGFZ _For CTCGCCAGAGTGGTTATCTT

human interleukit

human tumonecrosis factoe

Factor beta hTGFZ _ Re v AGTGTGTTATCCCTGCTGTCA
, . hFN_For CCACCCCCATAAGGCATAGG
human fibronectin
hFN_Rev GTAGGGGTCAAAGCACGAGTC
human Glyceraldehy« hGAPDH_For CCCACTCCTCCACCTTTGAC
phosphate dehydrogenase hGAPDH_Rev AGCCAAATTCGTTGTCATACCA

4.7.2 Adhesion proliferationand mineralisation obsteoblast cells

To further understand how well cells interact with the newly developed alloys, adhesion and
minerakation experiments following established protd¢al&re conductedn vitra Osteoblasts
(boneforming cells) were used in these tests to ensthie obtainedresults could be directly
compared with existing research in the literature.
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The procedures were carried out as follower the attachment experimen&8aOs2 cells
derived from human osteosarcoma were seeded onto the sample platelets at a dens0of 0.5
cells per well in a 24vell plate. After incubation, the platelets were washed and subsequently fixed
with formaldehyde. Following, the samples were stainediWgttiamidin2-phenylindolDAP) and
Phalloidin. Imaging was performed using a Zeiss fluorescence microscope (Axio Observer.Z1, Zeiss,
Jena, Germany) at 630x magnification, detethi@fiuorescence of Phalloidjred) and DAP(blue).

The formemwasused to identify the cytoskeleton of the cells, while the lattked the nuclei of
the ostedlasts. At least 6 imaggser sample were captured to ensure statistical reliakitity
subsequentlyvaluatedn terms ofarea fractiorof stained nucletcompared to the total aresing

the software ImageJrhis wasconducted in ordeto generate a quantitative statement about the
adhesionof the cells on thes a mp $uda@es.A cover glass containing no sample and only the
seeded cells was used as control of the experiment.

The mineralisation of the Sa@<ells was investigated using the sameget(seedig on
platelets witlcell density of 0.8CPin 24well platg, however, he cells weresubsequentlgultured
in osteogenic mediuth consi sting of Dul becco®s Modi fied Eaft
with 0.2 mM ascorbic acifGHsGs), 10 mM glycerol phosphat€&H3OHFOPG®2w), and 10mM
dexamethasonéGH:FQ) 2 for 10 days, with the medium being replaced every three days. After
removing the mediunthe osteoblastells were fixed with 46 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 100didtilled wateat pH 4) for 45 minutes. Destaining was carried out
with 50 Yl c e t (CPQ) pfteri ad incnlbatiompermdh ¢f 1 minudes, the solution
was transferred to a 9%ell microplate, and absorbance was measured at 540 nm using an Infinite
F200 Pro plate reader (Tecan Group AG, Maennedorf, Switzeéklamdl)containing only the seeded
cells and another well containing the cells and mineralisation medium were used as controls of the
process.

4.7.3 Bacterid assessment

To elucidate thanteractions betweebacteria andhe TNTalloys investigations using the
establishedzram-negativeE. coliand Gram-positiveS. capitisspecieswere conducted.

TheE. coli(K-12) bacteria were grown overnight in lysogeny broth (LB) medium 4 8nder
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 dilutioB. usiligacteria
from the overnight culture in 1 ml of LB medium. After incubating &€ 3@r 24 hours, the samples
were washed twice with phosphdiaffered saline (PBS) and then transferred into 1 ml of fresh
tryptic soy broth ($B) mediumwhich was replaced evesgcondday. Theplateletswere further
incubated under thdescribedconditions for 7 daysifter the incubation period, the samples were
washed twice with PBS, fixated witPrdformaldehyde and washed twice again.

TheS. capitisbacteria were also grown overnight, however, using TSB mediuntGtuiBWier
shaking at 150pm. Following, ébacterial suspension with an OD of 1 was prepared fr@m th
overnight cultur@and an inoculation with 1:10000 dilu&dcapitisbacteria in Inl of TSB medium
was performed on the platelets, subsequemtier incubating at 37C for 24 hours, the samples
were washed twice with PBS and then transferred into 1 ml of fresh TSB medhiecin was then
replaced every second dajhe sampms were further incubated under the same conditions for 7
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days. Prior to and following fixation withformaldehyde, the samples were washed twice with

PBS.

For the subsequent analysis, bdEh coliand S. capitisbacteria, adhered tb h e
surfaces were stained with DAPI and investigated using a fluorescence microscope (Axio
Observer.Z1, Zeiss, Jena, Germamgr 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 imadelslitionally, the OD of the bacteria in the liquid medium

was analysed.

4.7.4 Galleriamellonellalarvae trials

sampl e®s

TheG. mellonellanfection model was used disst proof of concept to demonstrate that the
alloys developed also function in a more complexvoenvironment as schematically depicted in
Figure4-10. The S. capitisbacteria usedn the trials were cultured in the same way as described
above. The larvae were obtained from a specialist retailenaintainedn an incubator at 36C on
an artificial diet4 larvaeat the latest instar stage (2@50mg weight)were used foreach

experiment

Cultivated bacteria

S. capitis

Maturation period
of larvae

Implantation
Negative control

Positive control

S. capitis
®e
Test cohort

TNT

Alloys
| —

S. capitis
e _ e
®e

Evaluation of surival

Melanisation

Counting of living
larvae over period of 6
days and compare to
control

Figure4-10: Breakdown o6G. mellonelldarvae 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 lengtfbahdh 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 thense length and showed similar surface conditions. All rods
were sharpened at the same angle using a custade sample holder for easier insertion. Prior to
implantation, the TNT alloy ro@s well as the positive TAV rod were inoculated 1:100 with bacteria.
The operation was performed by twergons 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 (wich was then used to pierce trough and position the implan®rder to
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monitor the positioning of the implant within the larvae, exemplary specimens were analysed in a
micro-computed tomography {GT) scanner (Nanot@nS, GE Phoenix / Waygate Technologies,
Waunstorf, 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 amdalnates that might indicate metal
toxicity. The success of implantation and biocompatibility assessment relied on evaluating wound
healing responses and melanisation patterns at the insertiéni gtesigns of darkening around the
implantatior? 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 aFf and was also utilised by Blissemaker at thlus being used astandard procedu®
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 ingpiaatle of clean TAV as well as bacteria
infused TAV (TAAnd TAV+, respectively)

4.7.5 Statistical analysis of thebiocompatibilityinvestigations

All cdl and bacteria related experiments were repeated at le&stifhes to generate
statisticallyalid resultsAll errors shown in the comparisons of the dateesq@essed as standard
deviation(SD) or as standardrror of the mean (sem)f presented statisticalsignificance was
determinedusing either the kedman test or ANOVYWith a pvalue of less than 0.0&s criteria for
statistical significanc&ubsequenthDunnet t ®s mul t i pl e c doo@mpare son t e
the experimental gups against the reference control groilfpresent, significant correlations are
grouped in the graphslenoteddepending on theiadjustedp-values? corrected for multiple
comparisons using the respective pbsic tes2 andindicated below the respective illustratibhe
statistical analysis was performed using the software GraphPad(BriaphPad Softwar¥ersion
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 gefe@der to generate a basic
understanding of potentidlegradatiormechanisms, the following electrochemical investigations
were performed on the TN¥pe alloys. The general method implemented was potentiostatic linear
sweep voltammetry (LSV), which is commonly used to characterise the redox potential of a material
as wdl as other kinetically and diffusion/ concentration related parafietbtsreover, it can be
used to evaluate the passivity of an alloy thus indicating its ability to resist corrosion in a specific
environmeri®, The setup of the experiment as shownFigure4-11 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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Schematic voltammogram & Tafel plot

a)

Potentiostat

1, Afcm? -..a..:
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Figure4-11: a) Basic testing setup for LSV; b) Resulting cuspaténtialplot (voltammogram) as well as Tafel plot in the
inset with marked slopes and paramet&r¥s

Before the sweep test, the open circuit potential (OCP) in V of the sample is méashead
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 meastffeDaning
the test, the voltage is continuously increased while the current (I) in A at the working electrode is
measured’. The resulting currertotentialcurve or voltammograni{gure4-11 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 theekafquatiof’® and plotted to determirgharacteristic values, such
asthe corrosion potentidE.r) in V, the corrosion current density{d) in ABm?2 andthe corrosion
current density at &oltage of 100nV (Joo) in ABM%2%8, Here, he E. is the potential at which the
anodic and cathodic reaction rates are equal, l@gter valuesndicatewhether a material is
generallymore noble (i.e. more corrosion resistéfft) The Jo in contrast is the current per unit
area at thek,, which is directly proportional to the materials corrosion rate and thus indicates
enhanced corrosion resistance, if 10¥%&7° The Joo is accordingly the equivalent, however, not
measured at &, but at a fixed applied potential of 1D¥.

The corrosion tests discussed in this work were conductedlloy TNT in both AC and AH
condition as well asTAV in annealed condition as standard. The specimens for testmgisting
of 3 samplesper alloy? were EDM cut platelets the dimensions of approx. 5riR3length x
width x 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 electrochemicahdmtided
in nonconductive epoxy resin amtepared to amirror-like surface (after OP polishing) using the
methods described 4.3 The measurement procedure as such consisted of cathodic cleaning of
the samples at0.9V for 10min, followed by an OCP measurement ftr &hd the LSV analysis
from -0.25 to 1.25V vs. the measured OCP in an %9NacCl electrolyte at RT. All samplesewe
repeaedy 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 softwar@&lova {ersion2.1.5,Metrohm Autolab B.V., Utrecht, The Netherlands).
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5 Experimental resultand theirinterpretation

5.1 Theoreticalaspectsof the Ta-Nb-Ti system

5.1.1 From fhase diagramgo HEA predictions

When omputingthe binary phase diagrams of the constituents Ta, Nb affdglire5-1) it is
noticeable that the compositions-Tiaand NBTi differ significantly from the composition-Nka:
While the latter demonstrates complete miscibility over the entire composicht#mperature
range, the Fecontaining systems exhibit miscibility gageross certain concentrationat R
Interestingly, however, a concentration dependent temperature gradient exists above which the
formation of a completeccss (b) is thermodynamically more favourable than the phase separation
into hcp+bcc (a +b) at lower temperaturesThis can be traced back to the contribution of
temperature to the Gibbs equati@) thus enhancing the entropy termDSm) and stabilising the

b-phasé™
2 - Liquid :
Liquid w
2477 °C
9 9
- 1670 °C -
= =
p B
882 °C
o+p
Ta at%Ti Ti Nb at.% Ta Ta
Liq uid 2477°C
e
F h670°C
882 °C B
Ti at.% Nb Nb v v v .

Ta nat.% Nl'; Nb

Figure5-1: Binary Tarli, NbTa and FNb phase diagrams and isotherrsattion of the T&\b-Ti phase diagram at 80C,
showing the compositions of the alloys examined (purple syntobldfulated using PanPhaseDiagram software

Logically, this is a metastable condition due to its temperature dependence, aagliase
transforms back into its individual phases upon cooling, resulting in gphmgt microstructure at
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RT. Accordingly, heat treatment procedures involving quenching are inevitable in the binary systems
to control the phase compaosition and to retaiphase at RT. Moreover, as a step away from binary

and towards ternary systems, alloying elemelstébilisers) can be added to suppress thie a
transformation thus resulting in metastabiphase at low temperaturés

Considering the elements Ta, Nb and Ti in a ternary system, similar observations as
abovementioned can be made: A phase separation consistirgsp@ + b miscibility gap and Ti
rich a-phase is present at lower temperatur&aid mixed a +b phase regiorspans acrossa
considerable areaf theisothermal section of thiernary phase diagraat673K, as Marker et at’®
have demonstratedtilising theCALPHARpproachPredictions for the calculatd@&Nb-Tisystem
at higher temperaturefioweverconfirm the miscibility of the individual components again, as the
b-ss phase field expands continuously until almost complete miscibility is reached°&t @@
isothermal section ifrigure5-1). Althoughconventional phastermation rulespredictthe same
reversetransformation during coolings mentioned for the binaryicontaining systemsit is
nevertheless confirmed thatsa phase consisting of all treeonstituent elementsan be formed
(withoutthe presence oim compounds).

Based orthesecalculationsnd the idea of investigating an equimolar composition as a starting
point br multicomponent systemghe phase predictionulesand further parameters adapted from
HEAg(cf. equationg1)-(5)) were implemented subsequentiurthermore, the equimolar-Rip-Ti
alloy was supplemented with compositions containing 10, 50 and %0Tat(Ta and Nb balanced)
in order to investigate the effects of titanium content on phase formation, mechanical properties and
biocompatibilityAn overview of the compositions investigated as well as the calculated parameters
is given inTable5-1. To avoid confusion and misconceptioshould be emphasised at this point
that the alloying compositioexaminedn 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 thB®.x is sufficient.First,however,when scanning the
literature, it becomes evident that the HEA commungignierallynot 100% agreed on the specific
definitions(cf.?®) and seconddespite tlese deviationsthe corresponding equations still provide
valuable results in terms of phaswbility prediction and add to the overall understanding of the
system investigated thus making a possible transition to more complex compaositions easier in the
future.

Table5-1: Nomenclature and composition of the alloys investigated, as well as the calculated HEA parameters entropy of

mi Ximg ,(®&Athal pyw ofdimi ke ngn ¢ @ HeSpreditiombl)i ¢ r adi i (t) and
Nomenclature  Composition, DGy7s, DSnix, DHi, tr 0]
at. % kJ@not'  JE'@not*  kJ@nol? %
TN10T TadlNb 4o -2 7.9 0.5 1.0 425
TNT TagNQRad45 -1 9.1 1.3 15 18.3
TN50T TadNbddg -1 8.6 15 1.6 14.3
TN70T TadNb 4 -1 6.8 1.3 15 12.2

When compared to the literatéf&* the results of the TNT alloys (s&able5-1) meet the
criteria for singlgohase stability sufficiently well: Comparably high valu&Sefin combination
with a lowDHmix reduce the total free energy of the system thus supporting the formatiosf a
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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 -N&Ti system and extrapolate them over complete
compositional range as it is displayed-igure5-2. The graph clearly shows that binary entropy
maxima occur above 3% mixtures, while the ternary maximum lies abové &% mixture of all

three components. Moreover, the difference in atomic ragiii within a range for all alloy
compositions that suggests preferred formation of disordered solid solatiam®pposed to the
formation ofintermetallior amorphous phasés.

10
Equimolar Ta—Nb-Ti ASmix

9.1

Ta

Figure5-2: Calculated concentratiatependent entropy of mixin®%mix) for the ternary TaNb-Ti system.

Alsot he solid solution predicti oforepchcalauated er O i
composition, leading to a more dominant contributiorb&f,fto the free energy of the system and
thus to an enhancesk formation probabilityn additiongspeciallythe correlation between atomic
radii variance and solid solution prediction significantly influences phase formation, with #terature
propos iy andO 1.1 as criteriz both aligning well with the calculated resulise
computedDHnict - field diagram ifrigure5-3 shows that all compositions are situated in the area of
ss prediction with considerable distance from the range of potémtiphase formatiorand is
therefore in good agreement with the individual calculations and predictions.

Furthermore, as described in the theatyove the number and fraction 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 calculatingGhior the alloys developed in
kJnot* over a temperature range from 2K30°C) to their theoretical melting temperatures, the
results start from negative values and continue to fall steadily (exemplary valD&s doR273K
depicted inTable5-1 as DGy75). These negativealues forDG at comparably low temperatures
provide a clear indication that the formation of a stebfghaseis thermodynamically supported at
RT, which nicely expands the findings obtained from the binary phase diafy@etasiled overview
of the calculatedesults forthe enthalpyand entropythe theoretical melting temperatur@s, ieo)

55



Experimental results and their interpretation

and the Gibbs free energy at 2R3and at the corresponding melting temperatiixg of the alloys,
as well as a graph illustrating the latter, are providegpendixA 1).
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Figure5-3: Calculated entropy of mixinDHmi) 2 atomic radii variance ) field diagram for phase prediction.

5.1.2 Theoretical considerations adapted frdortitanium alloys

Given the importance of titaniumthe context of this stugyhase stability estimates from
theoretical Falloy 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 phastransformationsThealloy compositiongn wt. % (in order to determine
the molybdenum equivalénthe alculaed resultsof the adaptedoy (9), the bondorderB, and
the d-orbital energ level M are depicted imable5-2. All valuesare significantly greater than 10
and thereforesuggest a stablbcc2-typephaseformationin generaf. Moreoveyaccording tdallor
et al?®, alloyTN-10T, TNT and FBIOT shouldprimarilyundergo plastic deformatiomadislocation
slip, however, alloy FROT? which, at 13.2has the lowesMa.q value ofall alloys is predicted to
exhibit deformation twinnirgehaviour.

Table5-2: Nominal Hoy compositions in wio, along with the corresponding calculated molybdenum equivaleg}, (Mo

bond order (B, and dorbital energy level (§1valued®??% parameters for binary combinations sourced fidatior et
al?e,

Alloy Ta, wt. % Nb, wt.%  Ti, wt. % Mok, B My

TN10T 63 33 4 23.1 3.09 2.47
TNT 56 29 15 20.5 3.02 2.47
TNS0T 49 25 26 17.8 2.96 2.46
TN70T 36 19 45 13.2 2.89 2.46

Thecalculated, and M, parameterdurther confirm these assumptions, which can be obtained
from the plot inFigure5-4. 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
t he s-typelphase region, while the hcp Ti lies belowphase border. The TNYpe alloys

are situated in between the hypothetical triangle that can be drawn between the elemental
constituents, with all alloys besidesTNO T s howi ng c | e a-phasepredicthbility. f or
This is due to the high coantrationof the isomorphous stabilisers Nb and Ta in these alloying
composition¥’. The highTi containing alloy FROT is located just above the dottlae which
represents the approximate transition from the sthiddase to the metastabkew 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 phasediction and thus encourages validation via experiments. In
addition to phaseelated mformation, the BMy correlation is also suitable for estimating the
resulting dominant deformation mechanisms of atdyAccordingly, deformation via dislocation

slip is predicted for alloys TNDT, TNT and FBOT, whereas alloy TROT might exhibit mixed
deformation behaviour including twinning deformation.

3.20
| Il TN-10T
3.154 la WTNT
1 Nb A TN-50T
3.10 4 Alloys @ TN-70T
E examined
3.05 -
5 slip
D 295 1 Metastable p-
L U AL S phase boundary
2904 |\ g feeT L
2.85 Twinning
2.80 4
] Ti
2.75 , : : .
2.40 2.44 2.48 2.52 2.56 2.60

Md

Figure5-4: Correlation of bond ordgrzarametelB,) and dorbital energyMq) level for phasend deformation mechanism
prediction of tk alloys.

5.1.3 Summary of the theoretical considerations

In conclusion all theoretical methods for phase predictimplementedbinary and ternary
phase diagrams, phase formation rules adapted fromHEAshase st abi |l i sTati on
alloys)lead toa similar assumptiorA stabless phase consisting of alree elementss achievable
at RT. The only exceptidn thisis the B,-Mq plot, whichshows some uncertainty regarding alloy
TN70T anddoes not completely rule out a possible phase transformation and difpenerary
deformation mechanisnit is noteworthy, however, that although the theoretical computations are
in good agreement, especiallgformation induced phase transformations might still dcautyp®e
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alloys and the mechanismas well as exact parameters have either not yet been fully clarified or are
difficult to determiné due to complex compositional dependenéigsus supporting thegeneral
need for experimental validatitin

5.2 Elucidation othe presentmicrostructures and transformations

5.2.1 As-cast condition

In order toanalyse the microstructures of tiamplesafter the melting process and to gain
first insights into the microstructure evolutidifD0g buttonshaped samplesf the alloyswere
produced via arenelting and subsequently prepared as described in clzapterand 4.3. The
weighing quantities of tHadividual element®r each compositiowere calculated using equations
(10) and(11), as can be obtained froare depicted inTable5-3. The values shown areunded to
the next integergor better readabilifywhereasthe actual weighn procedurewas carried outto
four decimal placesvioreover, thenominal and actual compositiookthe alloysproducedin the
AC state 2 determined via EDS measuremeftsare depicted and theesults indicategood
homogereity of the samples in terms @hemical compositionn addition, the theoretical densities
of the alloys show that the variation in titanium content is not only interesting in terms of phase
stabilityand microstructure igeneral butilso has a significant influence thie resultingveight and
thus applicabilitgf the alloys

Table5-3: Weighin quantities of the elements Ta, Nb and Ti for the different alloys (scaled up to 100 g), nominal
compositiongat. %n), actual composition@t. % a) after aramelting(determined via EDS analysasid theoretical density
( &in g/cnt.

Ta Nb Ti
Alloy m, at.% at.% m, at.% at.% m, at.% at.% g/%m?
g n a g n g n
TN10T 63 45 4312 33 45 46+ 6 4 10 11+4 11.8
TNT 56 33 302 29 33 305 15 33 40+ 4 10.0
TNS50T 49 25 24+ 2 25 25 24+5 26 50 52+3 8.6
TN70T 36 15 1312 19 15 13+4 45 70 74+ 3 7.0

Whenexaminingthe resulting microstructures of the alloys after areltingas shown in the
BSE micrographand EDS mappings (as well as in Apperdixin more detailjn Figure5-5 a),
several key observations can be made.

Firstly,a dendritic microstructure is presemthich followsthe same pattertior every alloy
prepared Ta enriched dendriticegions (blue) Ti enriched interdendritiareas (brown) and a
relativelyuniform distribution of Nb(yellow) with a tendency towardthe Tkrich interdendritic
regions The formation of the dendritic microstructure and Ti segregatigeneratan be attributed
to the differences in melting temperatures among the alloying elements. Titanium, exhibiting the
lowest melting point (£660°C), solidifies lasturing the aranelting process&nd is consequently
enriched in the interdendritic regions due to its displacement by the advancing solidification front.
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Figure5-5: ACcondition:a) Representativ8SE micrographs and corresponding EDS mappb)dgsDS linescanand
element distributioeorresponding to alloy TNNC

In contrast, tantalum (3017°C) and niobium (2470°C), having significantly higher melting
points, solidify earlier and predominantly form the dendritic £&t&sThe improved distribution of
Nb is believed to be influenced by the generally strong bonding to Ti atoms during solidification, as
well as possible b segregation effects, which are discussed in the litef&téte EDS line scans
Figure5-5 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 towardsticé Titerdendritic 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 AppeAdixThis segregation phenomenon has already
been observed in previous publications and is in good agreement with the litefature

Secondly, the appearance of the dendritic structure slightly varies between the alloying
compositions with the higher -Gontaining alloys THOT and TNOT demonstrating more
pronounced interdendritic areas, whereas tHedmalloys (TNT and FNOTi) show more dominant
dendritic structures. This again results from the different melting temperatures and quantities of the
alloying elements; in shorg, largerTtrich liquid phaseyields more interdendritic regions upon
solidificatioff®. To quantify these observations, area measurements were performéelén
representative overvieBEM images per alloy and evaluated using ImageJ software. The results in
terms of dendritic fraction (DF), as well as interdendritic fraction (IF) iasra as follows:
DF=80+1.6% and IEF 20+ 1.6% for alloy TNNOT ACDF=62+3.1% and IE 38+ 3.1% for
alloy TNT AC, DF61+9% and IE39+9% for alloy TN6OT AC and DE45+3% and
IF=55+ 3 % (see appendi& 3 for more details). The obtainable trend from alloyiUN (more DF
and less IF) to alloy TRDT (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 measurear&ihtinc
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 ordiyie to variations inomposition, but also locatiatependent. In general,
the same observations can be made forsalldified alloys in the watepboled copper mould, as
describedabove The bottom region of the AC ingots displays a rather capeseed 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 eocdimditions during
solidification in the armelter or more specifically the fast heat transfer from the sample into the
watercooled copper crucible, thus restricting the dendrite gréWilvhile the dendrite arms in the
top region are roughly 1020 um apart, the measurement in the mid and bottom region is hardly
possible due to the present morphology and is also influenced by alloying composition. Dae to the
uncertaintiesoverall dendrite arm spacing (DAS) measurements nangerformed.

It is noteworthy that #hdiscussed observations aficrostructuresvolutionare present irall
alloys examinedespite the careful and repeated remelting in small quanfiiies leads tahe
conclusion thaa uniform(elementalmicrostructuren terms ofthe predictedss phase formatioa
and this is not to be confused with the general chemical homogeneity, which was sufficiently
confirmedvia EDS? using conventional armelting is not possible with these types of alloys
containinghigh-meltingrefracbry metals on a laboratory scale.

5.2.2 Microstructure evolution during heateatment and a-homogenised condition

In order toeliminate the influence of the different melting temperatures and diffusivities of the
consttuents on alloy formatiga comprehensive heat treatment study was condugteglaimhere
was to see whether the predicted formationis possiblewhen the alloys arransformed into an
equilibrium stateor if secondary phasemnd/or precipitations would formm additionthe focus was
on theinfluence of the different alloy compositiams phasedevelopmentSince the materials
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analysed are new types of alleysdthe corresponding parameters for the desired heat treatment
are not availablee200°C, 1400°Cand a trial run at 1608C?2 the latter of which is not shown in

the manuscript due to microstructural impuritiesvere adapted from similar systenms the
literaturd>®8.282 20, 50, 70 and 106 werechosenas exposure timeto 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 all oys, whi ch t vy ptype lxd phgse field followved &ys g u e n
annealin§*2 The reason behind this lies wittire potentiatompetition betweethe stabilisation

of a singlephasebcc ss, the formation ofdifferentss having the same crystal structuoe the
formation of multiple phasesith differentcrystalstructures (i.e. bcc and hcpipon solidication.
Therefore, a cooling process under equilibrium conditisnthe most suitable approach for
investigating thectual phase formation and thus generating a valid experimental compétison

the theoretical calculatiopgrformed

Figure5-6 illustrates the evolution tfie microstructuresafter different annealing timeBoth
the heat treatment temperature and duration exert a significant influence on the resulting
morphology. For Trich alloys (TNOT and, to a lesser extent, -BET), a temperature of 120C
is sufficientfor homogersation which isattributed to the higher diffusivity of Ti in comparison to
Nb and T&%?% TN70T reachescomplete homogenisation after BGat 1200°C, while TAN6OT
requires 10(h. The results show thatlays with lower Ti content necessitate higher temperatures
and extended durationghich is again believed to be mainly influenced by the reduced difféfsivity
TN10T only exhibits full elemental uniformity after 70 to H@®d 1400°C, making it the most
diffusionretentive alloy in this study The base alloy TNT demonstrates a high degree of
homogenisation after 99at 1400°C, though residual dendritic structures remain. Consequently, a
heat treatment of 78 at 1400°C was selectedn summary across all alloys assessedl single
phase microstructure was successfully produced through heat treatment and subsequent furnace
cooling in equilibriunconditionsthus confirmingthe theoretical calculations for the first tinde.
homogenisation of 70 at 1400°C yielded the most satisfactory outcorfer all alloying
compositions and is hereafter referred to as#shomogenise@AH)condition The corresponding
micrographs in this condition are marked in reHigure5-6.

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 treatriarior 20h at 1600°C led to
oxygen and nitrogen piglp, resulting in the formation of-iitrides and othempuritiesin the
alloys TNoOT and TNOT & well aspotential uptake of interstitials time alloys TNLOT and TNT,
which is why they werexcluded from further discussion and analy$isis clearly demonstrates
the importance oprocess control and careful handling when processing refractory-baested
alloys (and Ti in particular).
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Figure5-6: Microstructure evolution of the alloys examiadéier different temperatures (1200 & 14U0) and different
exposure time$20-100h).
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