TiTaNbHfZr High Entropy Alloy as a Biomedical Coating on
Metallic Implant Materials

by

Elif Bedir

A Dissertation Submitted to the
Graduate School of Sciences and Engineering
in Partial Fulfillment of the Requirements for

the Degree of

Master of Science
in

Mechanical Engineering

.

AT
=

KN

KOC
UNIVERSITY

April, 2019



TiTaNbHfZr High Entropy Alloy as a Biomedical Coating on
Metallic Implant Materials

Kog¢ University
Graduate School of Sciences and Engineering

This is to certify that [ have examined this copy of a master’s thesis by

Elif Bedir

and have found that it is complete and satisfactory in all respects,
and that any and all revisions required by the final

examining committee have been made.

Committee Members:

Assoc. Prof. Demircan Canading

Asst. Prof. S. Mine Toker

Asst. Prof. Burak Bal

Date:




To my beloved parents,

Oguz and Cavidan Bedir



ABSTRACT

This study investigates TiTaHfNbZr and TiisTaosHfosNbosZr high entropy alloy
depositions on NiTi shape memory alloy and 316L stainless steel substrates.
Nanoindentation, XRD, AFM, SEM, EDS, XPS and ICP-MS analyses were conducted to
interpret mechanical properties, microstructures, bioactivities and biocompatibilities of
coatings. Study proved that RF Magnetron Sputtering of HEA coatings improve
mechanical performance of NiTi SMA and 316L SS substrates, providing better wear
resistance. Coatings are much more prosperous to form hydroxyapatite particles than
316L stainless steels, which is an indicator of improved bioactivity. A flawless HEA coating
followed by thermal oxidation blocks ion release to surrounding tissue. However, any
discontinuities due to erroneously coated films pose a risk of more ion release than
uncoated 316L SS. HEA coatings also effective on preventing Ni ion release from NiTi
SMAs. This work states that amorphous TiTaHfNbZr and TiisTaosHfosNbosZr high

entropy coating is a promising surface modification for metallic implants.



OZETCE

Bu c¢alismada NiTi sekil hafizali alasim ve 316L paslanmaz ¢elik numunelere yapilan
TiTaHfNbZr ve TiisTaosHfosNbosZr yiiksek entropili alasim kaplamalar incelendi.
Kaplamalarin mekanik o6zellikleri, mikroyapilari, biyo aktiviteleri ve biyo
uyumluluklarinin yorumlanabilmesi i¢in nanoiz sertlik testi, XRD, AFM, SEM, EDS, XPS ve
ICP-MS analizleri yirutildi. RF Magnetron Kopartma Yontemi ile kaplanan ytksek
entropili alasimlarin NiTi sekil hafizali alasim ve 316L paslanmaz ¢elik numunelerin
mekanik ozelliklerini iyilestirerek asinma dayanimlarini artirdiglr fark edildi.
Kaplamalarin, 316L paslanmaz celik yiizeylerine kiyasla hidroksiapatit partikiillerinin
olusmasi icin cok daha uygun oldugu goriildii. Yiksek entropili alasim kaplamalarinin
kaplandiklar: yiizeyin biyo aktifligini artirdig1 ispatlandi. Herhangi bir yiizey kusuruna
sahip olmayan kaplamalarin, termal oksidasyon ile oksitlendiklerinde iyon salinimini
ylksek oranda engelledigi goriildii. Ancak, kaplama ytlizeyindeki herhangi bir ¢izik, kopuk
ya da deligin, kaplama yapilmamis bir 316L paslanmaz celiginden ¢ok daha fazla miktarda
Ni iyonu salinimina sebebiyet verdigi gozlendi. Ayn1 zamanda, kaplamalarin NiTi sekil
hafizali alasimlardan iyon salinmasini engellemekte oldugu yorumlandi. Calismada
yapilan analizler, TiTaHfNbZr ve TiisTaosHfosNbosZr yliksek entropili alasim
kaplamalarinin metalik implant malzemelerinin biyo performanslarimi iyilestirmede

yliksek oranda etkili oldugunu ispatladi.
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CHAPTER 1. INTRODUCTION

1.1. BIOMATERIALS

The term “biomaterial” was defined by Williams as “a nonviable material used in a medical
device, intended to interact with biological systems” in 1987 [1]. Over the decades,
scientists and engineers studied biomaterials and their production and processing
methods to design artificial body parts, supplementary tools for misfunctioning organs,
medical devices and surgical operation tools. Biomaterials to be designed should be safe
for the body both chemically and physiologically, they should be biocompatible, their raw
materials and production routes should be economic, and they could be processed and
utilized easily. Since the beginning of these studies, biomaterials can be grouped into four

subsections; metallic materials, ceramics, polymers and composites.

1.1.1. Metallic Biomaterials

Metals are commonly used engineering materials in the production of orthopedics,
orthodontics, cardiovascular implants and many surgery equipment. Free electron cloud
in metals makes them thermally and electrically conductive. Due to nondirectional bonds,
they are also easily deformable. Alloying of the metals brings corrosion and wear
resistance, also improves their mechanical properties [1]. Depending on the implant type,
required mechanical properties vary. High fatigue strength, corrosion resistance,
ductility, wear resistance, high surface roughness and many other properties might be
enhanced by certain production methods and treatments. However, biocompatibility is
the most important feature. Implant material should not be toxic because implant releases
its elements to the body [2]. The most popular bio-metals are stainless steels, cobalt

alloys, titanium alloys and NiTi shape memory alloys [3].

Stainless Steels
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Steels are alloyed iron with a wide range of alloying elements such as Cr, Ni, Mo, Mn, N
and many others. Implant steels are austenitic FCC type since this crystal structure gives
them nonmagnetic property which is a crucial requirement for such applications. Alloying
element Cr forms a passive oxide layer on the implant body and makes it resistant to
corrosion [4]. This layer is mostly composed of Cr203 but there are other types of oxides
too. Niand Mn are FCC stabilizers, N strengthens the steel and makes it corrosion resistant

along with Mo and stabilizes austenite [5,6].

Cis added in very small amounts to prevent Cr3Cz formation and intergranular corrosion.
The most promising stainless steel is 316L and it is generally used for stents and fracture
fixation implants. Better mechanical properties and corrosion resistance are achieved by
increasing the Mn, Cr and N content of 316L. Rex 734™ is an example of this new alloy. It
is necessary to keep Ni content at minimum to avoid nickel poisoning. Mn and N content

is increased to compensate the austenite stabilization [2].

Co Alloys

Co alloys have FCC crystal structure and they form a thin layer of chromium oxide. Cr, Ni,
Mo and N are alloying elements. N acts as a strengthening element and Ni stabilizes
austenitic FCC. CoCrMo is the most common Co alloy in dentistry, hip and knee joint
applications. It can be cast to obtain the desired shape. Alloying Co with Cr increases wear
resistance and durability. These two mechanical properties of CoCr are even better than
Ti and its alloys [7]. Addition of Ni makes Co alloy plastically deformable. Hot forging is
needed to shape wrought CoNiCrMo. CoNiCrMo alloys are mostly used as wires, tubings

and joints [1,2]. Addition of significant amount of carbon brings wear resistance [8].

Ti Alloys

Ti alloys have three alternative crystal structures: HCP in completely pure Ti (CP Ti)
whose symbol is a, HCP mixed with BCC (a+f) in Ti-6Al-4V and Ti-6Al-7Nb and finally
BCC (B) in Ti-12Mo-6Zr-2Fe. Composition and processing of the alloy affect these
structures. Al and O stabilize a whereas Mo, V and Nb stabilize 3. Deformation, cooling

rate and heat treatment manipulate the microstructure of § and a+f alloys. Transition
13



temperature from  to a+f is important in this phenomenon. Ti alloys are also resistant
to corrosion owing to the rapid formation of TiOzlayer. In medical applications research,
B alloys are highly popular due to their low Young’s modulus, ability to attain large oxygen
containments without being brittle, higher notch durability under fatigue and work
hardenability. Having low Young’s modulus is crucial in protecting the bones in contact
with implant from stress shielding. Stress shielding results from stiffness incoherency
between the implant and the host bone. Bone softening and implant loosening are the
most important results of stress shielding [9]. Since the modulus of conventional implant
materials (190 GPa for stainless steel) is greater than that of the bone (17-20 GPa), such
problems occur frequently due to stress alteration caused by this difference. Ti-35Nb-4SN
B alloy has a Young’s modulus in the range of 40 to 60 GPa, which is a significant
improvement for medical applications. Ti-35Nb-7Zr-5Ta alloys have higher oxygen
content than the other Ti alloys, which is normally undesired because increasing oxygen
causes ductility to drop. Contrary to this phenomenon, this specific alloy has both high
ductility (220%) and high yield strength (1050 MPa). Also, notch sensitivity of a+f alloys
is higher than that of 8 alloys. 8 alloys also have higher slip systems than a alloys and they
are easy to deform and work harden [2]. Ti13Nb13Zr alloy has martensite structure after
quenching and subsequent aging, which gives the alloy high corrosion resistance. For
bone screws, Ti is an inappropriate choice since its shear strength is low. The interaction
mechanisms of Ti alloy surface and the surrounding tissue change with time and the cells,
body fluid and implant surface need thorough observation [8]. In general, Ti alloys’
mechanical properties are suitable for manipulation and they can be processed according
to the desired applications. Along with mechanical properties, improved biocompatibility

due to low interfacial energies makes Ti alloys promising biomaterials [10].

NiTi Alloys

NiTi alloys (Nitinol) have distinguishing mechanical properties such as shape memory
and superelasticity which make them suitable materials for many applications. Protective
oxide layer that is formed due to the oxidation of Ti on the material’s surface also provides
biocompatibility [11]. Upon heating, shape memory effect converts equiatomic NiTi alloys

back to their previously trained shape upon passing through a narrow range of martensite
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to austenite transformation temperature. This range is convenient to adjustments with
alloying modifications. Shape memory phenomenon is related to thermo-elasticity of
diffusionless martensitic phase transformation. Phase transformation can also occur due
to plastic deformation. During deformation, twins that are being formed in the structure
orient themselves according to the acting principal stresses and this preferred twin
variant leads to an overall shape change in the sample. This shape change is not
permanent upon heating. When constrained, this behavior becomes beneficial for
orthopedic stamps and spinal rods [8]. Along with shape memory effect (SME), NiTi alloys
also have super-elasticity property. In this case, austenitic parent phase (B2) transforms
into martensite (B19) upon loading and stress remains constant for a certain period, as
strain continues to increase. After unloading, no plastic strain remains, and sample turns
back to its initial shape before loading. Thanks to SME and super-elasticity, NiTi alloys are
generally used in dental, orthopedics and cardiovascular implants. Changing the
stoichiometry of the Ni and Ti and production processes makes it possible to change the
final properties of the nitinol too [1,12]. Biocompatibility and corrosion resistance of NiTi
alloys are proved to be satisfactory in vivo tests due to the formation of TiO2 layer that
keeps the surrounding tissue safe from Ni release. This oxide layer is formed with various
methods such as sol-gel, anodization and selective oxidation [13-15]. However, brittle
oxide layer may have cracks. For extended durations, Ni release from these cracks is likely

to be dangerous when it exceeds 9 ppm [16].

1.1.2. Ceramic Biomaterials

Being resistant to compressive loads, having good tribological properties and staying
chemically stable inside the body fluids, ceramics have their own share in the implant
production [7]. They are also effective reinforcement materials in fiber form because of
high strength that they have. They have strong and directional ionic bonds and only a few
slip systems. For that reason, they cannot be plastically deformed and shaped and do not
show any warning prior to failure. Low ductility and strong resistance to creep in room
temperature are also due to the same reason. Their brittleness makes them highly prone
to cracks due to stress concentration effect. The existence of microcracks is dangerous

under tensile loadings. If they can be eliminated, the resulting product can be ultra-strong
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even under tensile stresses. Ceramics also have high hardness and melting temperature.
However, they cannot conduct electricity and heat as metals do. For a ceramic to be
considered as a suitable biomaterial, it should be nontoxic, noncarcinogenic,
biocompatible and bio-functional. Some examples are alumina, zirconia, silicone nitrides

and carbons which are known with their inertness [16].
1.1.3. Polymeric Biomaterials

Over many years, polymers have been used as biomaterials due to their biocompatibility,
tailorable mechanical properties and optical advantages. Polymers such as PMMA, rubber,
silicone and polyurethane were popular in some applications such as bone cement, dental,
orthopedics, cardiovascular treatments and plastic surgery. Unfortunately, due to lack of
regulations, a lot of earlier products failed due to degradation and cracking. They were
not inert enough to body fluids, worn easily and caused inflammation. Due to these
problems, silicone plastic surgery implants and Teflon are no more in use. With some
improvements, polymeric biomaterials survive in the market until today. Being a
biomimetic and an easily manipulated material in terms of mechanical properties like
Young’'s modulus and strength, they can answer both soft and hard tissues’ needs. This
tailoring is a big advantage over metals and ceramics, and it is possible with arranging the
chemistry of the polymer. Ultra-high molecular weight PE is a structural biopolymer,
HDPE is used in tendons and expanded PTFE has its place in ligament reconstruction.
Expanded PTFE can allow cells to penetrate its structure when it is in the porous form.
There are other biopolymers which are biodegradable and one of their most important
application is drug delivery. Other application of biopolymers is coating of the surfaces to
enhance frictional properties and biocompatibility [1]. Along with these many
advantages, sterilization problems come. Since they are not inert to thermal and chemical
effects like their opponents, extra precautions and processes are necessary. Some
techniques like dry heating, steam sterilization, radiation and chemical sterilization are

applicable for different type of polymers under suitable conditions [2].

1.1.4. Composite Biomaterials
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A composite material is a combination of two or more different constituents to obtain a
superior final product. They are designed in a way that each ingredient supplies a certain
property which is desired in the obtained composite material. These ingredients should
be greater than atoms, either in micro or macroscale, so an alloy cannot be considered as
a composite. For example, bone and wood are natural composites and adobe is synthetic.
To produce biomaterials, biocompatible constituents must be used and the interfaces
among them must be inert to body fluids. Having at least two constituents makes bio-
composites multifunctional. With suitable processing, desired properties such as
biocompatibility and biodegradability are achievable [17]. Porous biomaterials are also
composite, and they have a unique advantage of tissue penetration. Tooth fillers, PMMA
bone cements reinforced with UHMWPE and flexible composite bone plates are some
examples for bio-composites. Problems may arise due to water absorption by polymeric
matrix such as a decrease in the mechanical properties and swelling. Also, scrap particles

generated by the composites may create a foreign matter effect inside the tissue [1].

1.2. WHY METALS?

Being an easily formable, strong, reliable for extended durations and load carrying
material, metals have been used in implant and tool production for decades. The first
usage of the metals for medical purposes was in dental implants. Metals are used in pure
forms such as Ti, Zr, Mg, Zn and as alloys such as stainless steels, Co-Cr alloys, Ti alloys, Zr
alloys, Mg alloys and Zn alloys. Their good mechanical properties make them suitable for
various applications such as hip and knee joints, cardiovascular stents, dental implants,
bone screws and plates. Mg and Zn metals are the common elements in biodegradable
metal implant studies [18]. Processes that are used to shape and tailor them to give
desired properties are well defined in the industry. Besides their superior mechanical
properties that give them a good potential for load-bearing applications, their electrical
conductivity also makes them suitable for neuromuscular stimulation implants. Metallic
interatomic bonds are responsible for all these advantages over ionically bonded
ceramics and covalently bonded polymers. Processing history is also another factor that

plays a crucial role on the final properties [1].

1.3. SURFACE MODIFICATION OF METALLIC BIOMATERIALS
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After determining the suitable implant material for a specific application, along with bulk
materials’ properties, surface characteristics of the implant are also of great importance.
Scientists and engineers tend to study surface modifications rather than tailoring the
whole bulk. This is because surface science can solve many problems using less effort with
limited resources. Rigorous processing of the surface is important because the body
contacts the implant through its surface and any type of mismatch causes the treatment
to fail. For that purpose, chemically or physically coated thin films give them the desired
properties. In the case of chemical methods, reactions take place on the surface, and a
layer is formed. In physical methods however, sputtering, spraying and evaporation
techniques produce the coating. Physical vapor deposition (PVD) is a well-known physical

method whereas sol-gel and microarc oxidation are chemical ones.

1.3.1. Physical Vapor Deposition (PVD)

In this process, highly energetic ions or e-beams bombard a target or the target
evaporates with the application of high voltages. The vaporized target material then
condenses onto the substrate surface. Entire process takes place under vacuum and
controlled environment. This method is low cost and applicable for many materials, but
the resulting layer is mostly amorphous, and it is hard to control the coating properties
[8]. However dense and homogeneous thin layer sticks well onto the flat substrates, even
though for the un-flat surfaces some irregularities on the coating are possible. Also, by
changing the processing parameters such as temperature and pressure, resultant coating
can be manipulated easily, and this enhances the reproducibility [19]. According to in vivo
tests, biocompatibility and bioactivity of the silicone implants increases with the

magnetron sputtering of apatite [20]. PVD process is shown in the Figure 1.1. below [21].
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Figure 1.5. Physical vapor deposition [21].
1.3.2. Sol-gel Method

Sol-gel is a perfect method to obtain coatings with well controlled chemical and
microstructural properties. Reactants in colloidal suspension are prepared at low
temperatures, implants to be coated are then sunk into the suspension generally by dip-
coating and dried. With a final baking at very high temperatures for calcination, a highly
dense and well-stuck coating forms in the implant surface. Hydroxyapatite and
fluorapatite coatings are widely formed via sol-gel method and even some ion additives
can be included to enhance cell viability and antibacterial effect. On the contrary to PVD,
sol-gel method is effective even in large surface areas and complex surface textures.
Coatings can be amorphous and crystalline [20,22]. There are various sol-gel methods
other than dip-coating, namely spin coating and electro deposition. They are

schematically drawn by Owens et. al. and represented in the Figure 1.2. below [23].
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1.3.3. Microarc Oxidation

Microarc oxidation (also known as plasma electrolytic oxidation) is an electrochemical
process similar to anodization. The only difference is the application of higher potential.
Microarc oxidation can be applied on aluminum, magnesium and titanium. In the early
stages of the process, an oxide layer is formed. As the voltage increases and exceeds the
breakdown potential of the oxide film, electrical discharges take place. These discharges
form plasmas and resultant high pressure and temperature cause oxide layer formation.
This oxide layer enhances the wear and corrosion resistance of the substrate and the final
properties of the layer depends on the electrolyte, substrate composition and the
electrical system [24]. A basic sketch of microarc oxidation setup is drawn by Sridhar et.

al. is provided in the Figure 1.3. below [25].
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1.3.4. Plasma Spraying

Plasma spraying is a method that deposits hydroxyapatite (HA) on the substrates. lonized
gas first melts and then carries the molten HA to the substrate surface. Application of
direct current to the H gas mixed with either Ar, He or N ionizes the mixture. Extremely
high temperature ionized gas melts and shoots the HA particles towards the surface
where they are cooled and stuck. Powder and substrate properties, powder injection
parameters and plasma properties are highly effective on the deposition process. For
some problems such as oxidation, excessively high pressures and sloppy particle
transformation, plasma spraying under vacuum is the solution. Plasma spraying system

is depicted in the Figure 1.4. below [26].
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1.3.5. Alkali Treatment

Alkali treatment is held to introduce bone-like apatite layer on the bio-ceramic materials
and to increase the bioactivity of Ti and its alloys. In this application, substrates dipped in
a 5-10 M NaOH or KOH solution for a certain amount of time, rinsed, cleaned, dried and
heat treated at 600-800 °C at around 105 Torr of pressure. Resultant thin film structure
on the Ti surface is a sodium titanate nano-porous hydrogel. Heat treatment increases the
amount of crystallized sodium titanate, anatase and rutile titania on the surface. This film
enhances the bioactivity of the titanium substrate in the body environment by increasing
Ca?* ions and discharges Mg?2+ions. Bone-like apatite that is formed after alkali treatment
followed by heat treatment makes substrates ready to be attached directly to the bones.

Heat treatment is as crucial as the alkali treatment in this [26].

1.3.6. Hydrogen peroxide treatment

Bioactivity of alloyed or pure Ti implants can be increased with the titania gels that are
formed on the surface thanks to the H202 treatment. This titania gels lead to apatite
formation when imposed to body environment. Ti-based substrates react with H202 at 80

°C for a quite amount of time (up to 72h) and Ti ions are released to the solution as the
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reaction continues. At the end of 72 hours, nanopetal structures that formed in the
beginning (at the 6t hour) grows so that a film consisting of nanorods appeared on the
substrate surface. This film enhances the bioactivity and inhibits the attachment and
growth of bacteria on the surface. The titania gel is amorphous when it is freshly formed
but can be crystallized with heat treatment and anatase and rutile. Most suitable
temperature range for the sake of bioactivity is 400 to 500 °C thanks to pure anatase
phase but higher temperatures introduce rutile phase which drops the bioactivity.
Hydrogen peroxide treatment can also be conducted with a H202/TaCls solution followed

by a heat treatment under 300 to 600 °C of temperature [26].

1.3.7. Thermal Oxidation

Thermal oxidation of Ti-based implants is the formation of rutile titania ceramic film
formation on the surface by a calcination reaction in regular atmospheric air. Heat
treatment oxides the NiTi substrate surfaces by attaching oxygen atoms in the air to the
titanium atoms of the substrate. This forms a thin film of passivated titania which acts as
a barrier and blocks nickel ion release to the body environment. This enhances bioactivity
and biocompatibility of the implant. Once all the Ti atoms spent from the surface, new Ti
atoms start to diffuse to the surface from subsurface, leaving a Ni rich region behind.
However, the brittle oxide layer causes a risk of Ni ion release which diminishes

biocompatibility [26].

1.4. HIGH ENTROPY ALLOYS

High entropy alloys (HEAs) consist of a combination of fully or nearly equiatomic five or
more metals. Each component has a share of 5 to 35% atomic percentage in the final mix.
High number of different elements increases the mixing entropy, and this forms a stable
metallic solid solution. Hence, processing and utilization of HEAs are easy. High
configuration entropy that they have does not allow them to form ordered structure or
highly restricts it. Solid solutions that they form are in FCC, BCC or HCP system. Highly
distorted lattice structure that these alloys have make them strong. Other than promising

mechanical properties, their structure brings unique properties such as diffusion barrier
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effect, enhanced electrical and thermal properties. Current studies also involve
biomedical purposes. Thanks to these studies, antibacterial and hydrophilic properties
are achievable. Diffusion barrier property of HEAs can be used as a protection against
toxic and inflammatory effects of biomaterials that are currently in use. Their wear

resistance and strength make them suitable to load-bearing applications [27].

Throughout the history of metallurgy, it is understood that using alloyed metallic
materials instead of pure metals provides many properties and functions to the final
product. For that purpose, conventional alloys having only one principal element mixed
with various alloying elements are produced using certain processes. Along with
conventional alloys, other metallic materials such as intermetallics, metallic glasses and

quasicrystals are synthesized and being used in different industries.

In the second half of the eighteenth century, design of a new concept which is called high
entropy alloys (HEAs) began with the studies of German scientist Frans Karl Achard. On
the contrary to the existing alloy systems that have single principal element/compound,
he used five to seven multi-principal elements [28]. By alloying plenty of elements such
as Fe, Cu, Sn, Pb, Zn, Bi, Sb, As, Ag, Co and Pt, he managed to study more than 900 different

alloy systems. Upon his studies he conducted mechanical and corrosion tests.

By definition, HEAs are composed of five equiatomic or near equiatomic elements but
using more than five elements is also possible. Atomic percentage of each element ranges
between 5% and 35% [29]. HEAs maintain their stability even under high temperatures
for their solid solution phases have high entropy of mixing. Stability is a crucial
requirement for an easily manufactured and tailorable material. The more equiatomic the
alloy, the stable it gets because mixing entropy is favored by equal atomic percentages.
Minor alloying elements can also be added to modify the structure and the characteristics
of the alloy. For an element to be considered as a minor alloying element, it should have
less atomic percentage than 5%. Hence there are countless different combinations of
metallic elements and their atomic percentages, synthesis of a great number of HEAs is

possible.

HEAs have a smaller number of phases than Gibbs phase rule states under equilibrium
conditions as Cantor et al. declared. This trend is also valid for non-equilibrium cases and
the main reason for such a behavior is the high mixing entropy of the alloys. High mixing
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entropy promotes intersolubility of the components of the alloy system. Also, the multi-
principal element nature of the system Kinetically restricts the diffusion of atoms and
prevents new phases to form. As the number of elements that involved in the system
increases, entropy of mixing (configurational entropy) increases and this changes phase
formation and kinetics. Not only entropy, but also enthalpy of mixing and the atomic radii
of the constituent elements affect the phase formation. Resultant phases manipulate
material characteristics and properties [29,30]. In fact, there are four main phenomena
that play the most important roles in defining properties of HEAs. They are namely high

entropy, severe lattice distortion, sluggish diffusion, and cocktail effects [31].

1.4.1. High Entropy Effect

High entropy of mixing reduces the number of phases by promoting solid solution
formation. Obtaining solid solutions is the most effective way in diminishing the overall

Gibbs Free Energy of the system by following the following formula:
AGmix = AHmix - TASmix

Thermodynamically, stability is satisfied when the smallest AGmix is achieved. Thus, solid
solutions are preferred as the main phase of HEAs. This means, less complicated
microstructures are obtained by overcoming the formation of many different phases,
intermetallics and other segregated phases. Otherwise, resulting alloy would be brittle.
High entropy also provides improved corrosion resistance since it decreases the overall

free energy of the system [27].

1.4.2. Severe Lattice Distortion Effect

Since HEAs are composed of different elements, each atom in the structure has
neighboring atoms of various elements. Every atom in the HEA lattice has different atomic
radius and this leads to strain and stress on the system [32,33]. In addition, the bonds in
between the atoms have different energies and together with stress and strain,
asymmetry and distortion take place in the lattice. An alloy with a distorted lattice gains

certain properties such as hardness and strength but loses thermal dependency on its
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characteristics. Electrical and thermal conductivities of HEAs are affected inversely with
the lattice distortion due to electron and phonon scattering [27,34]. Due to the distortion,

scattering takes place during XRD analyses and peak intensities drop [32].

1.4.3. Sluggish Diffusion Effect

Since HEAs are solid solutions of many different elements, atomic diffusion in their
matrices takes place in a special way. Due to varying kinds of atoms in the lattice, each site
has a different lattice potential energy. This different LPE causes diffusion hindering and
higher activation energy as Tsai et al. states [33]. Sluggish diffusion is mainly due to
barrier effect of low LPE regions in the lattice. Hence the nucleation and growth of new
phases requires diffusion, microstructure and final properties of HEAs are directly
affected by sluggish diffusion. Sluggish diffusion controls precipitation formation,
recrystallization and grain growth mechanisms in such a way that it improves toughness,

strength and creep resistance of the alloy [27].

1.4.4. Cocktail Effect

HEAs contain five or more alloying elements and each element provides characteristic
contributions the final properties of the alloy. Along with the phase numbers and
morphologies, properties of the resulting phases also affect the alloy. Constituent phases
can be regarded as separate solid solutions that being affected by their own elements’
properties and elemental interactions. Cocktail effect widens the properties that

anticipated by mixture rule by atomic scale interactions between dissimilar atoms [35].

To conclude the above-mentioned four effects, following summary can be made. High
entropy effect enables the formation of simpler phases, sluggish diffusion effect hinders
the kinetics of phase transformations and finally lattice distortion and cocktail effects

manipulate the alloy’s properties.
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1.4.5. Synthesis and Processing

HEAs are produced in bulk and coating forms. Casting and powder metallurgy are used

for bulk alloy production and deposition method is used for coated HEAs.

Casting Method

Vacuum arc melting, vacuum induction melting and melt spinning are the main casting
routes. However, arc melting is the most preferred production route since it enables the
melting of most of the metals by reaching very high temperatures. But in that case, some
precautions must be taken to overcome loss of the low melting point elements. Induction
heating furnaces could be used, or the initial material batch could be prepared in
accordance with the evaporation of some metals. Dendritic solidification takes place
during casting of the HEAs with this method. It is important to have a homogeneous
structure throughout the alloy. Cooling and solidification rates must be controlled

studiously.

Powder Metallurgy Method

Basically, in this technology, powder forms of the alloying elements are alloyed
mechanically to obtain a homogeneous structure and then sintered together. Mechanical
alloying takes place inside a high-energy ball milling machine and fractured metallic
powders are welded together as diffusion takes place. Final structure is an equiatomic
nanocrystallized or amorphous nanoparticle [36,37]. Subsequent sintering is applied for
densification. To overcome the risk of grain growth, spark plasma sintering is generally

preferred.

Deposition Method

Deposition can be made using both liquid and vapor phase precursors. The mostly used

deposition techniques for vapor phase are magnetron sputtering and plasma nitriding.
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Various substrates can be coated with HEAs to advance the surface properties like
corrosion and wear resistance. In sputtering, a solid target which is made of the HEA to
be coated on the substrate is exposed to charged inert gas ions. Cut off atoms of the target
is then collected on the substrate surface with the help of DC bias or radio frequency (RF).
Deposition thickness is generally smaller than 1 pm but can be controlled with the
adjustments that are made on the power, voltage and inert gas pressure [38]. With the
application of DC magnetron sputtering, amorphous HEA film is acquired according to
study of Chang et al. [39]. Even if it is rarely preferred, plasma nitriding can replace
magnetron sputtering for 50-100um thick nitrided coatings [27]. Nitriding provides
better wear resistance [40]. For the liquid phase HEA precursor however, cladding is used.
Cladding is similar to welding and with the help of tungsten inert gas (TIG) or laser, two
different methods are applicable for the HEA coating on the substrates. Cladding material
is the powder mixture of the HEA elements to be coated on the surface. Resulting cladded

HEA layer improves the wear resistance of the substrate [41].

1.4.6. Mechanical Properties

The most crucial advantage of HEAs over conventional alloys are their superior
mechanical properties. Their hardness, strength, fracture toughness and fatigue
resistance are highly promising for many engineering applications. Principal and minor
alloying elements together with production paths have important role on the final

properties of the alloys.

Hardness

Hardness values of HEAs vary in the range between 140 HV to 900 HV. Lattice distortion
contributes to the hardening of the alloy because it causes solution hardening. Increasing
the number of elements up to a certain point also improves the hardness. Especially, the
existence of Al and Ti elements in the composition have hardening effect. Al is a special
element since it forms strong bonds with neighboring atomes, it distorts the lattice with its
large volume and it is a BCC forming element. BCC is a harder and stronger phase

compared to FCC, but it brings brittleness to the alloy. So, it is observed that FCC
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structured HEAs that are produced without any heat treatment application have low
hardness values [5,42,43]. There are other possible elements with large radii that have
the chance of forming secondary phases to contribute to the hardening and strengthening.
Upon the annealing treatment of HEAs, age hardening takes place. Hardening behavior
with the aging varies from one alloy to another. In this heat treatment, hardness of the
alloy increases with the precipitations that are formed, but grain growth must be

controlled thoroughly to overcome softening. Work hardening is also possible for HEAs.

Compressive Behavior

Many different testing and production conditions of the alloy affect the mechanical
analysis of HEA samples. Considering the loading temperature, strain rates, alloying
elements, heat treatment applications, and microstructure of the alloy upon testing is
highly important for the design of an alloy for a certain application. For example, Cu
ingredient gives brittleness to the alloy under compression. Even if the yield strength
tends to decrease with temperature, elements that are used specifically for the refractory
applications increases the mechanical properties at elevated temperatures. Fractography
analyses showed that crack formation and shearing take place at low temperatures but as
the temperature rises, GB sliding and void formation start. The sample geometry is also
important hence it changes the cooling rate upon production steps. Slowly cooled parts

have low strength and less plasticity [44].

Tensile Behavior

As the nature of production methods enforce, HEA structures have casting defects such as
shrinkages and micropores. The most efficient way to investigate the effects of these
defects on the mechanical properties is via tensile testing. Results showed that HEAs have
promising tensile properties. FCC HEAs resemble ductile materials with rather low
strengths. BCC and FCC mixed structure HEAs show a sudden improvement on their
strength but their ductility is sacrificed. Purely BCC HEAs are highly brittle. Grain size
affects the strength as in conventional alloys, grain coarsening drops strength of the alloy.

Stress-strain diagrams of HEAs differ around yielding point. Coarse grained alloys do not
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show a well-defined yielding region in their curves whereas fine grained ones do. After
yielding, load drops slightly in the small grained HEAs. Serrations can be seen regardless
of the grain size [42]. Since numerous different HEAs can be synthesized using limitless
possible combinations of many elements and compositions, yield strength and ductility
measurements of HEAs lie in a very vast range. HEAs can be fractured in brittle, ductile or
mixed manner. This behavior is affected by the elements that are used in the alloying.

Increasing temperature favors ductile fracture.

Fatigue Behavior

In the structure of every material, there are certain regions which are prone to fatigue.
These regions are mainly microcracks, microvoids, casting defects and oxide particles.
Since there is stress concentration on these sites, fatigue mechanisms start and fatigue life
of the alloy decreases. Stress concentration can also be effective on other regions due to
the geometry of the product. Despite the above-mentioned defects restricts the fatigue
resistance, it is certainly possible to synthesize HEAs that can overcome the fatigue

properties of conventional alloys, superalloys and bulk metallic glasses [42].

1.5. MOTIVATION

In the earlier studies that aimed to develop bioactive and biocompatible surfaces, ceramic
coatings are generally offered. However, even if they are biocompatible, there is a
mismatch between the mechanical properties of coating and the substrate. This inevitably
leads to crack formation and propagation which results in Ni release. So, in the current
study, metallic coating is proposed as a more profitable alternative. There are some
specifications for the coating such as bioactivity, durability, satisfying mechanical
properties, good adhesion behavior and effective protection against toxic and allergic
effects. In this study, TiTaNbHfZr high entropy alloy is used as a coating material for 316L
stainless steel and NiTi substrates. For coating, PVD method is applied by using RF
Magnetron Sputtering. After the substrates are coated, XRD, SEM-EDS and AFM analyses
are conducted for microstructural characterization and nano-indentation test for the

mechanical property characterization. For the bioactivity measurements, SBF immersion
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tests are conducted and the resulting hydroxyapatite nucleation is observed via SEM
analysis. Ni and Cr release to the immersion fluid is also measured by using ICP-MS to

evaluate the biocompatibility of the HEA coating.
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CHAPTER 2. EXPERIMENTAL PROCEDURE

In the sample preparation and through examination procedure of this study, some devices
and analysis methods were used. Sample preparation starts with the production of the
316L stainless steel, NiTi alloy and HEA substrates. TiTaHfNbZr HEAs were cast with arc
melting as discussed before. These HEAs were used as substrates and as PVD targets. EDM
was used to cut substrates and it was followed with grinding and polishing to provide
suitable surfaces for HEA coating. HEA coatings with different thicknesses were deposited
on 316L stainless steel, NiTi and silicon (100) substrates with PVD. After the samples
were produced, microstructures, mechanical properties and bioactivities of the samples
were examined. For microstructural analyses, SEM, EDS, XRD and AFM were used.
Mechanical properties -namely hardness and elastic modulus- were measured in a
nanoindentation test machine. For bioactivity and biocompatibility tests, samples were
immersed in SBF (blood) for various durations and their surfaces and immersion fluids

were analyzed in SEM&EDS and ICP-MS respectively.

2.1. SAMPLE PREPARATION

2.1.1. Electrical Discharge Machining (EDM)

EDM is a machining technique which uses a spark generated between the cutter electrode
and the workpiece to remove material from surface. A dielectric fluid hosts the electrical
field between the electrode and the material to be cut. It supplies a suitable environment
for a stable spark and washes away the removed material. Due to its working mechanism,
EDM can only be used to machine conductive materials [1]. Since EDM does not apply a
huge amount of force or pressure to the part, it causes a small amount of destruction on
the sample comparing to other machining tools. Since it uses only the spark (but not force)
to cut the workpiece, even high strength materials can be machined easily. Also, during
machining cutter electrode and the cutting sample do not get in contact directly. Only a
fine spark removes material. So, EDM can work with very small samples in close
tolerances and high precision. Any desired final geometry is possible. However, EDM is
not suitable for mass production since it is not a quick process. Also, surface quality is

sometimes low and due to cutter electrode wear, desired geometry is not always obtained.
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Heat generation due to the spark causes residual stresses and heat affected zones (HAZ)
[2,3]. However, for this study only a limited number of samples is needed, so electrode
wear is not a problem. Flashes and surface roughness due to cutting can easily be removed
with grinding. Also, samples are so small that any other method would damage them. With
EDM, disc shaped, square and rectangular samples were cut. 316L substrates were cut as
discs having 10 mm diameter and 1 mm thickness. NiTi substrates are in 10 mm x 10 mm
x 2 mm sizes. Bulk HEA samples are cut in rectangular shapes having 10 mm x 5 mm x 1

mim.

2.1.2. Grinding & Polishing

Grinding is a process which is held to get rid of surface roughness of samples. Abrasive
particles such as alumina, zirconia and silicon carbide are coated on a paper fixed on a
rotating disk. Material to be grinded is kept in contact with this rotating abrasive paper.
Water is dripped onto the paper to prevent excessive heating and to wash grinded
particles off. With grinding, shiny surfaces can be obtained even from very rough surfaces.
Polishing follows grinding to provide further smoothing. This process is very similar to
grinding but instead of abrasive paper, alumina slurry is poured on a fabric coated
rotating disk to remove material. This slurry polishes the surface with abrasive alumina
particles. In the grinding and polishing of the samples, 120 to 2000 grit SiC emery papers
and 30 pum alumina slurry were used. It also acts as coolant and carries removed material
away. After grinding and polishing is completed, samples were cleaned using ultrasonic
cleaner respectively with ethanol, acetone and distilled water and dried. Surfaces are
smooth and clean enough to be PVD coated. Figure 2.1. below shows the grinding and

polishing machine.
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Figure 2.1. Metallographic lapping and polishing machine.

2.1.3. PVD Coating

Principal working mechanism of physical vapor deposition method was already
introduced in the Chapter 1. Considering the mentioned superiorities of PVD compared to
its alternatives, samples were PVD coated in this study. Among different PVD techniques
such as DC sputtering, ion beam sputtering and RF magnetron sputtering, latter was used.
Even though RF sputtering is advantageous since it can be used to coat insulators, this
phenomenon is irrelevant in this study because all substrates are metallic materials.
However, plasma density in RF magnetron sputtering is rather high due to the high
frequency power supply. This provides faster coating which is highly desirable for this
study [4]. A Nanovak NVTS-400 PVD machine was used with no substrate bias. Ar was
used as inert gas and its flow was 10 SCCM. Chamber base pressure was below 1x10-3 Pa
and coating took place at room temperature with a sputtering power of 100 W. Three
different HEA targets were used. They were casted as discs with 50.8 mm diameter and
6.3 mm thickness. Prior to HEA coating, substrate surfaces were bombarded with Ar
plasma for 10 minutes with a power of 80 W for cleaning. Silica wafers and NiTi alloys
were coated with 750 nm and 1500 nm thick TiTaHfNbZr HEA films. 316 L stainless steels
were coated with thick 1000 nm TiTaHfNbZr and Tii1sTaosHfosNbosZr HEA films. After
the films were coated, some of the 316 L stainless steels were thermally oxidized at 300
C° for 5 minutes in air atmosphere. Figure 2.2. below shows the Nanovak NVTS-400 PVD

machine.
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Figure 2.2. Nanovak NVTS-400 PVD machine.

2.2. MICROSTRUCTURAL ANALYSIS

2.2.1. Scanning Electron Microscopy

Scanning electron microscopy (SEM) uses a focused electron beam so that it can collect
the surface topography data of the samples. Thanks to high energy of this electron beam,
details that are invisible in optical microscopy can be investigated. Electrons are sent
towards the sample’s surface via an electron gun and condensed into one focused beam
with condenser lenses. When this beam hits the surface, the interaction of the sent
electrons with surface atoms causes emissions. Back-scattered electrons, secondary
electrons and X-rays are emitted depending on the depth of interacting surface atoms.
These emitted electrons and X-rays are collected with special detectors and converted to
surface morphology data using computer programs. A simple scheme of a SEM device and

emissions from the surface is given in the Figure 2.3. and Figure 2.4. below [5,6].
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Figure 2.3. Representative sketch of a SEM device [5].
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Figure 2.4. Emitted electrons and X-rays from the sample’s surface [6].

A ZEISS Ultra Plus and Zeiss Evo LS15 SEM devices were used in this study. Morphologies
of HEA coatings on NiTi alloys and 316 L stainless steels were investigated from top view.
Since the samples are all conductive, no extra conductive coatings were applied. Bulk
HEAs were also investigated. In addition to top view, cross-sectional SEM images of HEA
coatings on silica wafers were also taken to examine the coating uniformity throughout
the surface. Using silica instead of NiTi or stainless steel samples was preferred for the
sake of easiness and it does not cause any difference in the cross-sectional view of the
film. In the Figure 2.5., Zeiss Evo LS15 and Zeiss Ultra Plus Scanning Electron Microscopes

which are used in the analyses are given.
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(a) (b)

Figure 2.5. (a) Zeiss Evo LS15, (b) Zeiss Ultra Plus Scanning Electron Microscopes.

2.2.2. Energy-Dispersive X-Ray Spectrometry

Energy dispersive X-Ray Spectrometry (EDS) is an auxiliary tool of SEM which provides
chemical information of the test sample. It analyzes the X-rays emitted from the sample,
compares the energy and quantity information of them with its library of elements and
finds the elemental ingredient of sample [7]. EDS can be performed on a certain point or
through a horizontal or vertical line on the sample’s surface. By that, it can draw elemental
line and depth profiles, it can also draw a map of the surface indicating all the constituent
elements. In this study, EDS was used to detect hydroxyapatites formed on the immersion

samples and to examine the coating by drawing concentration depth profiles.

2.2.3. X-ray Diffraction

X-ray Diffraction provides information on a crystalline material’s molecular structure,
phase structure, crystallinity and morphology. Working principle of X-ray diffraction
(XRD) is related to Bragg’s law nA = 2d sin@. In this law, d is the distance between planes
of lattice structure, A is the wavelength of sent X-ray, n is the reflection order and 20 is the
scattered X-ray’s angle. During XRD, X-rays are sent to the sample’s surface collide with
the nuclei of the sample’s atoms. Since nuclei are heavy structures, they diffract the X-ray.

By measuring the diffraction angles and scattering intensities, crystallinities of the
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samples can be investigated [8]. In this study, HEA films and bulk HEAs were analyzed
with a GIXRD-Bruker D8 Advanced device. Grazing incidence was used because the film
thicknesses are no more than 1500 nm and X-ray beam needs to be sent almost parallel
to the surface. To do that, a Cu Karadiation at an incidence angle of 4 degrees is sent to the
surface. Smallest acquisition angle was 10 degrees and the highest was 90 degrees. Each
step was 0.02 degree, and scan speed was 0.6 deg/min. Figure 2.6. given shows the Bruker

D8 Advanced XRD device.

Figure 2.6. Bruker D8 Advanced XRD device.

2.2.4. Atomic Force Microscopy

Atomic force microscopy (AFM) gives the surface topography information of the sample
by moving an extremely sharp probe over its surface. Probe scans the surface by utilizing
a scanner stage which is manufactured from a piezoelectric material. The probe consists

of a cantilever beam with a molecularly sharp tip. Surface’s roughness causes this probe
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to be pushed or pulled as it travels the surface. The tip never touches the surface, it only

approaches to it so that inter atomic forces start to act between the tip and the surface.

The bending of the probe due to these forces is measured with a laser light and
morphology data is derived using computer programs [9]. A schematic representation of

AFM device is provided in the Figure 2.7. below.

Detector

Photodiode
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Light

Cantilever Beam and
Sharp Tip

Sample Surface

Scanner Stage
(Piezo Electric Material)

Figure 2.7. Representative setup of an AFM device [9].

The surfaces of uncoated and HEA coated NiTi samples were analyzed in this study using
an AFM, Brucker, Dimension Icon device in tapping mode. The measurement area was 10

pm x 10 um. The AFM device is shown in the Figure 2.8. below.
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Figure 2.8. Brucker, Dimension Icon Atomic Force Microscope.

2.3. MECHANICAL PROPERTIES ANALYSIS

2.3.1. Nanoindentation

In nanoindentation, a certain amount of load is applied on the sample’s surface with a
sharp and extremely hard (mostly diamond) tip. Load is first applied, tip is kept in the
loaded state for a certain amount of time to prevent any irregularities in indentation. Then
unloaded causing the elastic deformation to be recovered. Upon this procedure, load and
displacement data are recorded, hardness values and elastic moduli are calculated using
elastic contact theory [9]. The term “nano” in this method indicates that both the applied

load and created indentation are highly precise. Load can be in the range of 1 nN to 10 N
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and indentation depth can be 1 nm to 20 pm [10]. The key point in the indentation test is
to have an indenter having much higher hardness than the samples. In this study, an
Agilent G200 depth-sensing nanoindentation machine was used in depth-sensing mode.
Maximum load was 5 mN, loading and unloading rates were 0.5 mN/s. A Berkovich
diamond tip was used as it is one of the best types of nanoindentation tips [10]. Tip is kept
stable for 5 seconds. To prevent substrate effects, indentation depth was set to 1/10 of
the thickness of the coating. 15 indentations were applied to each sample and average
hardness and elastic moduli values were recorded with corresponding standard

deviations. Agilent G200 nanoindentation machine is shown in the Figure 2.9. below.

Figure 2.9. Agilent G200 nanoindentation machine.
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2.4. BIOACTIVITY AND BIOCOMPATIBILITY ANALYSIS
2.4.1. Immersion Tests

Immersion tests in this study were performed in order to investigate the bioactivities of
the samples. Creating a similar environment with the body and immersing the samples
inside this in vitro setup gives valuable information about bioactivity and biocompatibility
of samples. In this study, simulated body fluid (SBF-blood) was prepared, uncoated and
HEA coated 316 L stainless steel samples and bulk HEA samples were immersed inside.
Samples were kept at 37 °C for 1, 3, 5 and 7 weeks in separate polypropylene (PP) tubes.
20 ml SBF-blood was used for each 1 cm? surface area of sample. Chemical formula of a

1000 ml of SBF-blood is provided in the Table 2.1 below.

Table2.1. SBF-blood chemical formula [11].

Solution Ingredients Amount of Ingredients pH
NaCl 8.036g
NaHCOs3 0.352¢g
KCI 0.225g
K2HP04.3H20 0.230 g
MgCl2.6H20 0.311g

SBF-blood (1000 ml) 1 M HCI 40 ml 7.4
CaCl2.2H20 0.293 g
Na2504 0.072 g
TRIS 6.063 g

1 M HCI 0.2 ml (for pH adjustment)

At the end of each immersion period (1,3,5 and 7 weeks), samples were rinsed with
distilled water and dried immediately. Immersion fluids were stored at 4 C° inside PP
tubes for ICP-MS analysis and samples were stored at room temperature inside sealed
containers for SEM and EDS analyses. In the SEM and EDS examinations, hydroxyapatite
particles were expected since they are bioactivity indicators. Immersion bath which was

used is given in the Figure 2.10. below.
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Figure 2.10. Water bath which was used for immersion tests.

2.4.2. Inductively Coupled Plasma Mass Spectrometry

ICPMS is a mass spectrometry device which can detect metallic and some non-metallic
ions in test samples. Samples are taken into solution with dilute acids and ionized using
inductively coupled plasma. It can identify and make quantitative analyses on even trace
amounts of ionic constituents [12]. In this study, immersion fluids were diluted with ultra-
pure distilled water for 20x dilution. Later, they were investigated using ICPMS to detect
Cr and Ni ions that were possibly released from the sample. An Agilent 7700x ICP-MS

device was used in the analyses and it is shown in the Figure 2.11. below.

Figure 2.11. Agilent 7700x ICP-MS device.
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CHAPTER 3. MECHANICAL PROPERTIES OF TiTaHfNbZr HIGH-
ENTROPY ALLOY COATINGS DEPOSITED ON NiTi SHAPE MEMORY
ALLOY SUBSTRATES

TiTaHfNbZr high-entropy alloy (HEA) thin films with thicknesses of about 750 and 1500
nm were deposited on NiTi substrates by RF magnetron sputtering using TiTaHfNbZr
equimolar targets. The thorough experimental analysis on microstructure and mechanical
properties of deposited films revealed that the TiTaHfNbZr films exhibited amorphous
and cauliflower-like structure, where grain size and surface roughness increased
concomitant with film thickness. More importantly, the current findings demonstrate that
the TiTaHfNbZr HEA films with mechanical properties of the same order as those of the
NiTi substrate constitute promising biomedical coatings effective in preventing Ni

release.

NiTi shape memory alloys (SMAs) are widely used in medical devices, such as orthopedic
implants and prostheses, cardiovascular stents, and dental instruments, owing to their
superior properties of superelasticity and shape memory effect [1-5]. Despite their
superior mechanical properties, the biocompatibility of NiTi alloys has been a topic of
debate [2,3]. Specifically, the long-term biocompatibility, bioactivity, and wear properties
of NiTi SMAs give rise to concerns about the safety of their long-term utility in clinical
applications [6,7]: out-diffusion of harmful Ni ions from the NiTi SMA during prolonged
use inside human body poses several health risks [2,8,9]. In order to eliminate these risks,
surface treatment of NiTi SMAs, namely the high-temperature oxidation, passivation,
oxygen ion implantation, sol-gel, and PVD coating are commonly employed to introduce
a layer of corrosion-resistant TiO2 on the surface, such that the allergic and toxic effects
due to nickel release can be avoided [3,10-12]. However, the protection provided by the
biocompatible yet brittle TiO2 layer is very short term in applications that are subjected
to repeated and/or complex loads, [13,14] mainly due to the easy formation of cracks
followed by Ni ion released from the freshly exposed NiTi SMA underneath the broken
TiO2 layer [15].
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In order to address this issue, attempts have been made to find suitable alternatives to
conventional coating [16]. High-Entropy Alloys (HEAs), a new class of metallic materials
with equimolar or near-equimolar compositions, constitute an example to this case, and
they exhibit unprecedented excellent structural and functional properties that have
recently attracted significant interest [15,17]. HEAs are usually composed of at least five
principal elements, with concentrations between 5 and 35 atomic percent, [18] and
because of the corresponding high mixing entropy, they usually form simple face-
centered cubic (FCC) or body-centered cubic (BCC) solid-solution phase, and sometimes
nanoscale or even amorphous structures [19]. Their simple structures and versatile
physical and mechanical properties stem from their high mixing entropy, lattice
distortion, sluggish diffusion, and cocktail effect [20]. Especially the HEAs composed of
biocompatible constituents are potential candidates for utility as a new class of coatings
on metallic biomaterials due to their superior mechanical properties, [21] which are also
expected to overcome the coating-substrate property mismatch observed in the case of

conventional coatings.

Among the various multicomponent HEAs, those consisting of nontoxic and allergy-free
transition metals, such as Ti, Ta, Hf Nb, and Zr, have been shown to fulfill these
requirements: HEAs and their nitride and carbide films have been successfully deposited
by physical vapor deposition (PVD) magnetron DC or RF sputtering methods [16,22-29].
In particular, the easy control of film structure and composition, good mechanical
properties and uniform thickness of the coating, strong coating adhesion to the substrate,
as well as the high rate of reproducibility, have made PVD magnetron sputtering a popular
coating method [30,31]. However, despite the significant volume of studies focused on
microstructure and mechanical properties of bulk HEAs considered for biomedical
applications, with the exception of one work studying the mechanical properties and
chemical response of carbides and nitrides of HEA coatings deposited on Ti6Al4V alloy in
simulated body fluid, [16] neither a study of the structures and mechanical properties of
PVD deposited biocompatible HEA films nor an assessment of their utility as metallic
coating deposited on biomaterials has been forwarded yet [21]. This study was
undertaken to address this issue, and the morphology and mechanical properties of the
equimolar TiTaHfNbZr HEAs composed of biocompatible constituent elements deposited

onto the NiTi SMA using the PVD method were studied.
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In this study, an equimolar (20 at. percent for each element) Ti2oTazoHf20Nbz20Zr20 target
was prepared by arc melting of 99.99 percent pure constituent elements under vacuum
and shaped into a disk of 50.8 mm in diameter and 6.3 mm in thickness. Samples with the
size of 10 mm 910 mm 90.20 mm were cut from a commercial NiTi SMA (with 50.7 at.
percent Ni) plate by electro discharge machining (EDM). In order to remove macrolevel
surface defects and contaminants, the samples were ground using SiC emery papers,
followed by final polishing to a mirror surface texture with a 0.30 pm alumina slurry.
Polished samples were ultrasonically cleaned with acetone and rinsed with de-ionized
water before the film deposition process. TiTaHfNbZr HEA films of two different
thicknesses, namely 750 and 1500 nm, were deposited onto NiTi and silicon (100)
substrates by RF magnetron sputtering (Nanovak NVTS-400). Deposited silicon samples
were used for cross-sectional investigations and XRD analyses because of convenience in
preparing samples by ion milling and improving signal-to-noise ratio. The films were
deposited in an Ar atmosphere at room temperature and without substrate bias, where
the chamber base pressure was below 1 9103 Pa and the Ar flow was kept at 10 standard
cubic centimeters per minute (SCCM). For the sake of having a clean surface, the target
was first pre-sputtered by Ar plasma for 10 minutes with a power of 80 W before

deposition. After cleaning, the power was increased to 100 W and the shutter was opened.

The phase structures of the thin films were analyzed by grazing incidence X-ray
diffraction (GIXRD-Bruker D8 Advanced) with Cu Ka radiation at an incidence angle of 4
deg and an acquisition angle ranging from 10 to 90 deg, with a 0.02 deg step and scan
speed of 0.6 deg/ min. The cross-sectional micrograph and elemental depth profiles of
HEA thin films were determined by SEM (Zeiss, Ultra Plus) equipped with energy
dispersive X-ray spectrometer (EDS). The effects of deposition of films on surface
morphology and roughness of NiTi substrate were examined by atomic force microscopy
(AFM, Brucker, Dimension Icon). AFM measurements were acquired on a 10 um x 10 um
area of the uncoated and coated samples in the tapping mode. The hardness values and
elastic moduli of NiTi substrate and deposited films were measured by depth-sensing
nanoindentation (Agilent G200) with Berkovich diamond indenter tip at a peak load of 5
mN, and the loading and unloading rates were set to 0.5 mN/s. In order to minimize
material creep, a 5 second pause time was used between loading and unloading cycles.

The penetration depth of the indenter was controlled at about 1/10 of the films’ thickness,
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and thus, a substrate effect could be neglected. At least, 15 measurements were performed
on each sample, and the average values of hardness and elastic modulus with respective

standard deviation were reported.
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Figure 3.1. XRD patterns of the 750- and 1500-nm-thick TiTaHfNbZr HEA films.

XRD patterns of the 750- and 1500-nm-thick TiTaHfNbZr films are presented in Figure
3.1. For the deposited films shown in this figure, only a broad peak was observed,
indicating an amorphous structure. This can be attributed to the low enthalpy, high
mixing entropy, long-range diffusion and the large atomic size difference that favors the
formation of amorphous structure [24,26,32-34]. From a thermodynamics point of view,
low Gibbs free energy can increase the glass transition temperature, and consequently the
glass forming ability: high configurational entropy and the low enthalpy due to low
chemical potential have been shown to decrease Gibbs free energy at a constant
temperature in multicomponent alloys [35]. In addition, diffusion of constituent elements
and crystallization of films can be suppressed as a result of large difference between the
deposition and glass transition temperatures of films, and the quenching-like effect of

sputtering process [36].

Figure 3.2. shows the SEM morphologies of the surface and cross sections of TiTaHfNbZr
HEA films deposited on NiTi and silicon substrates, respectively. A continuous ((b) and
(d)) and cauliflower-like ((a) and (c)) morphology of TiTaHfNbZr films was evident for
both 750- and 1500-nm-thick films. For the most part of the metallic film, the cauliflower-
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like grains composed of numerous clusters with sizes ranging from several tens to
hundreds of nanometers were observed [24,32]. A comparison of Figures 3.2(a) and (c)
revealed that, as the coating thickness increases, coalescence of nanoparticles leads to
development of slightly larger grains yet without a significant grain coarsening. This
incremental increase in grain size of the 1500-nm-thick film can be attributed to the
longer deposition time and the corresponding increase in deposited film temperature
[37]. Although the structure of deposited films was analyzed as an amorphous phase,
grain boundaries were observed (Figures 3.2(a) and (c)): the formation of a void network
can result in density-deficient boundaries which are intrinsic to amorphous films [38,39].
Additionally, the wide black lines observed along the amorphous grain boundaries in
Figures 3.2(a) and (c) are cracks caused by the internal stresses during deposition process
[35,40,41]. It was reported that internal stresses increase concomitant with film
thickness, leading to formation of deeper and wider cracks in deposited films [41]. It
should be noted that, as opposed to the general idea that a thicker films would provide
enhanced mechanical properties and prevention against harmful ion release form
substrate, the formation of deep and wide cracks might lead to spallation and release of
more allergenic and/or toxic elements in biomedical applications. Therefore, determining
internal stress with varying thicknesses of deposited HEAs film plays a critical role in
controlling ion release from NiTi substrate. However, controlling and reducing the
internal stress of the films during deposition process is a complex phenomenon and is not

within the scope of this research study.

54



Silicon Substrate

(b)

Silicon Substrate

(d)

Figure 3.2. SEM images of the deposited HEA films: (a) and (c) plane view, and (b)
and (d) cross-sectional images of 750- and 1500-nm thick TiTaHfNbZr HEA films.

The surface topography and roughness of the NiTi substrate and TiTaHfNbZr HEA films
were determined by AFM (Figure 3.3.) Surface of NiTi substrate exhibited a smooth
structure with a roughness of 2.84 nm, whereas following the deposition of the
TiTaHfNbZr HEA coating and formation of cauliflower-like structures, the roughness
values of 750- and 1500-nm-thick films were measured as 3.39 and 3.85 nm, respectively.
Previous works reported that there is a correlation between the film thickness and
surface roughness, such that continuing film growth increases the grain size, and thereby
the surface roughness [24,32]. However, the relatively small differences in the measured
roughness values of the current uncoated and TiTaHfNbZr-deposited NiTi SMAs can be
attributed to amorphous structure of the HEA films [42]. In general, as crystalline films
are deposited and continue to grow, the surface roughness increases since the film growth

takes place faster on certain crystallographic planes [43]. However, in the case of
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amorphous films, surfaces become smoother or planarized by continued deposition,
which prevents a significant increase of roughness [43]. Despite the expected
enhancement of biocompatibility, the observed lack of a significant increase in surface
roughness by coating the NiTi surfaces with the TiTaHfNbZr HEA implies that the
attachment of cells and other functional groups to the surface of the NiTi SMAs should not
be expected to improve significantly [44,45]. However, based on recent evidence that the
surface relief traces of fine microstructural features—such as slip and twinning, rather
than the typical surface roughness dictate cell adhesion and proliferation on metallic
surfaces, [44] this aspect should be investigated thoroughly with the aid of systematic cell

culture and viability experiments, which is beyond the scope of the current study.

Figure 3.3. AFM images and surface roughness of (a) uncoated NiTi, and (b) 750-
and (c) 1500-nm-thick TiTaHfNbZr HEA films.

The atomic concentrations of the constituent elements derived from the EDS quantitative
analysis through the cross section of deposited films are plotted as concentration depth
profile and presented in Figure 3.4. It can be clearly seen that the atomic percentage of

each element in the films is rather close to that of the target and does not significantly
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change with depth and film thickness, which is in good agreement with previous works
[23,28,35]. Almost uniform elemental distribution within the deposited films is achieved
owing to the fast quenching effect in the sputtering method [46]. Todai et al reported that
the even distribution of the constituent elements has beneficial effect on biocompatibility
of HEAs [21]. Furthermore, previous studies showed that chemical homogeneity result in
even distribution of internal stress along the film thickness and reduce the risk of

delamination or spallation of films under mechanical loads [46,47].

Atomic Percent %
Atomic Percent %

16 -3 —

0 260 460 660 800 0 ' 460 ' 860 ' 12'00 ' 1600
Depth (nm) Depth (nm)
(a) (b)

Figure 3.4. Concentration depth profiles of constituent elements in deposited (a)
750- and (b) 1500-nm-thick TiTaHfNbZr HEA films. Please note the scale

difference between the x-axes.

From the loading-unloading curves and using Oliver and Pharr methods, hardness values
and elastic moduli of NiTi substrate and TiTaHfNbZr HEA films were calculated (Table
3.1). The average values of the hardness and elastic modulus of the NiTi substrate are
found to be 357 + 25 HV and 67.2 + 1.4 GPa, respectively. The films exhibited higher
hardness and modulus values which are within the ranges of 1077 to 1330 HV and 169.7
to 185.8 GPa, respectively. Comparing with the as-cast or Hot isostatic-pressed alloy,
TiTaHfNbZr films revealed remarkable enhancement in mechanical properties [48-52].
These superior mechanical properties stem from dense and smooth amorphous structure
of the deposited films [35,53]. It is well known that the grain boundaries play a crucial

role in impeding the dislocation motion and the resulting slip due to the differing grain
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orientations and slip plane discontinuities from one grain to another. It should be noted
that the slight reductions in both the modulus and hardness values of TiTaHfNbZr HEA
film with the increasing film thickness can be associated with the coarsening of grains and
formation of thicker cracks along grain boundaries [23,40]. The deposition of such an
amorphous film with higher hardness can be beneficial in improving the wear resistance
of coated NiTi SMAs employed in hip and knee joints. In addition, the lower and more
stable friction coefficient of amorphous materials compared with crystalline materials
[54,55] can be advantageous in these applications, considering the repeated abrasive

loading conditions.

Table 3.1. Vickers Hardness Values and Elastic Moduli of the NiTi Substrate and
the Deposited TiTaHfNbZr Coatings

NiTi 750 nm thick 1500 nm thick

TiTaHfNbZr film TiTaHfNbZr film
Hardness (HV) ‘ 357425 1285+45 1132455
E (GPa) ‘ 67.2+1.4 183.2+2.3 172.8+.1

Overall, the results presented herein demonstrate that the multicomponent TiTaHfNbZr
HEA films with thickness of 750- and 1500 nm were deposited on NiTi substrates by RF
magnetron sputtering exhibit a homogeneous layer ideal for preventing Ni release from
the NiTi substrate. Furthermore, the mechanical properties of the HEA films are
compatible with those of the NiTi substrate, which is crucial for preventing damage to the
film due to mechanical loading in the long term, which in turn, enhances the protection
against Ni release. Consequently, the current findings show that the equiatomic
TiTaHfNbZr HEA can serve as an effective biocompatible coating to prevent Ni-ion release

from NiTi implants.
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CHAPTER 4. TiTaHfNbZr HIGH ENTROPY ALLOY AS A BIOMEDICAL
COATING ON METALLIC IMPLANT MATERIALS

1000 nm thick TiTaHfNbZr and Tii1sTaosHfosNbosZr high entropy alloy coatings were
deposited on 316L stainless steel (SS) substrates by RF magnetron sputtering (PVD).
Microstructural, mechanical, bioactivity and biocompatibility tests were held to
investigate the performance of HEA coating as a novel surface modification method.
Results concluded that PVD coating of HEAs forms uniform and amorphous HEA films
having cauliflower-like structures. HEA coatings slightly decrease the Young’s Modulus of
uncoated 316L SS whereas they triple the hardness. Bioactivities of the substrates were
improved with this surface modification technique. However, Ni ion release behavior
depends on the coating quality. Uniformly coated films prevent the release better than
spontaneously formed oxide layer on the uncoated 316L SS. On the other hand, faulty

coating results in more ion release probably due to pitting corrosion.

1. Introduction

Metallic biomaterials are accounted as the most vital and widely used group of
biomaterials thanks to their specific assets. They have advanced mechanical properties
such as strength, hardness and elastic modulus. They are formable and their properties
can be tailored with alloying. However, their wear and corrosion resistances are rather
weak, and their biocompatibility is open to questions. For these reasons surface treatment
is essential. 316 L stainless steels are one of the most widely used metallic implant
materials, especially in fracture fixation and stent applications. Having Cr and Ni as main
alloying elements, they have passive oxide layer on their surfaces (Cr203) and they have
austenitic FCC structure. These make them corrosion resistant and nonmagnetic [1]. Both
assets are crucial for a durable implant material. This low-cost material is accepted to be
biocompatible but studies showed that in long-term usage, Ni ion release causes nickel
poisoning which leads to inflammation, skin rash, narrowing of blood vessels and
fibrinogenesis around the implant [2]. In fact, an oxide layer composed mainly of Cr203

spontaneously forms on the 316L SS’s surface. It can also be artificially formed with
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thermal oxidation. In commercial implants, this oxide layer is used as a shield for metal
ion release. For a short duration, this prevents Ni ion release and supplies a suitable
contact surface for the surrounding tissue. However, being a thin ceramic layer, this oxide
film is highly prone to cracking and flaking off. This deteriorates the ion release protection
since the uncoated 316L SS is now in contact with the surrounding tissue. Specifications
of a coating material should be decided in accordance with the application. Metallic
implants are generally used in orthodontics and orthopedics as load-bearers. So, it is
indispensable to have excellent mechanical properties in the coating material too. In
addition, since the material will be surrounded with living tissue and bone cells
(osteoblasts, osteocytes ad osteoclasts), coating material cannot be toxic and should
supply maximum protection against toxic leakage from substrate. However, being strong
and non-toxic is not enough. A coating material for an orthopedics implant must also be
osteoconductive, it must be convenient for bone cells and minerals to reside on [3].
Considering these requirements, it is inevitable that a brittle oxide layer does not provide
a suitable coating. This study offers a more durable and biocompatible coating material, a
high entropy alloy, which can withstand load-bearing applications together with
corrosive and/or abrasive environments. High entropy alloys (HEAs) consist of minimum
five metals combined in a nearly or completely equiatomic compositions. They are in FCC
or BCC solid solution structure of their elements thanks to high mixing entropy. Their
highly distorted lattice structure acts as a barrier to both dislocation propagation and
diffusion thus strengthens the structure [4,5]. Along with high mixing entropy and
distorted lattice structure, they have cocktail effect. This means that their final properties
are associated to not only the individual elements forming the alloy but also to the
reactions between subgroups of constitutive elements [6]. The specific HEA used in this
study as a coating material for 316L SS substrates is TiTaHfNbZr. In the earlier studies,
mechanical properties, microstructure and tribology of TiTaHfNbZr coatings on various
commercial biomaterials have been studied [4,7]. However, their bioactivity and
biocompatibility behavior remained away from the interest. In the current work, 316L SS
substrates were PVD coated with TiTaHfNbZr and TiisTaosHfosNbosZr using RF
Magnetron Sputtering and some of them were finally thermally oxidized. Mechanical,
microstructural and in vitro biocompatibility and bioactivity tests were conducted on

coated 316L stainless steels. Results showed that TiTaHfNbZr HEA is a promising coating
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material since it has excellent mechanical properties, inhibits toxic ion release and
communicates well with the surrounding tissue. These results are in accordance with the
nature of the selected HEA because composing elements are non-toxic and sluggish

diffusion effect can perform an effective barrier for ion release from substrate.

2. Experimental Procedure

The high entropy alloy targets (equimolar TiTaHfNbZr and TiisTao.sHfosNbosZr) were
prepared in a vacuum arc melting device by mixing 99.99% pure elements. Both targets
were 6.3 mm thick discs with 50.8 mm diameters. In addition to target discs that will be
used for PVD coating, the two HEA rods were also cast. HEA substrates with 10 mm x 5mm
x 1 mm dimensions were cut from these rods with electrical discharge machining (EDM).
316 L stainless steel substrates were also cut with EDM into 1 mm thick discs having 10
mm diameters. To prepare smooth and clean surfaces which are necessary for PVD
coating, substrate surfaces were grinded with 120 to 2000 grit SiC emery papers and
polished with 0.30 pm alumina slurry. Finally, samples were cleaned using ultrasonic
cleaner respectively with ethanol, acetone and distilled water and air-dried. 1000 nm HEA
coating of disc shaped 316 L samples were carried on a Nanovak NVTS-400 PVD device
by RF magnetron sputtering. For each target, a separate silicon (100) wafer was also
coated and cross-sectional SEM images were taken to investigate the coating uniformity
and continuity. These wafers were also used to set the most suitable signal-to-noise ratio
for XRD analyses. Silicon wafers were chosen merely because they ease the sample
preparation procedure. The deposition took place under Ar gas flowing with a rate of 10
standard cubic centimeters per minute (SCCM) at room temperature. There was no
substrate bias, sputtering power was 100 W and base pressure of the chamber was less
than 1 x 105 Pa during whole process. Since the targets were open to atmosphere,
impurities form on their surface. In order to deposit a uniform and pure coating, targets
were pre-sputtered with a power of 80 W for 10 minutes by Ar plasma. For each target, 8
different 316L substrates, in total 16 substrates were coated. 4 of these 8 substrates were
thermally oxidized at 300 C° air atmosphere for 5 minutes. To check whether the desired
atomic percentages were reached during target and bulk HEA production, XRF analyses

were conducted in a Bruker Tiger S8 X-ray Fluorescence Spectrometer device.
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Commercially bought 316 L stainless steel substrates were also checked in the same
regard. XRD analyses were conducted on a Bruker D8 Advanced X-Ray Diffractometer
with Cu Ka radiation to investigate the phases present in bulk HEAs, 316 L stainless steel
uncoated substrates and HEA coatings. Since the coating thickness is 1000 nm, a grazing
incidence angle of 4 degrees was adequate. Acquisition range was in between 10 to 90
degrees, each step was 0.02 degrees and scan speed was 0.6 deg/min. Mechanical
properties such as Young’s modulus and hardness of uncoated 316 L stainless steel, two
bulk target HEAs and HEA coated stainless steel substrates were also measured as
previously explained in Chapter 3. Continuity and uniformity of HEA coatings were
observed with Zeiss Ultra Plus Scanning Electron Microscope (SEM) prior to bioactivity
and biocompatibility tests. SEM images of top and cross-sectional view of coatings on
silicon wafer were taken. To take cross-sectional images, coated substrates should be cut.
To spare actual substrates, silicon wafer was used since it represents 316 L stainless steel
substrates. Bioactivity and biocompatibility analyses were performed after the samples
were immersed in artificial blood (c-SBF). SBF was prepared in a polypropylene (PP)
beaker according to the Table 4.1 below and its pH is around 7.4.

Table 4.1. Chemical ingredients of artificial blood.

Ingredients Amount of Ingredients (g/1)
NaCl 8.036
NaHCOs 0.352
KCl 0.225
K2HP04.3H20 0.230
MgCl2.6H20 0.311
1 M HCI 40 ml
CaCl2.2Hz20 0.293
Na2504 0.072
TRIS 6.063

1 M HCI 0.2 ml (add until the pH is 7.4)
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Each sample immersed in a separate PP centrifuge tube regarding to the following ratio:

surface area 1 2 /]
SBF volume 20 em”/m

32 centrifuge tubes were stored in 37 °C water bath for 1, 3, 5 and 7 weeks. Each week
has the same group of seven samples: uncoated 316 L stainless steel, bulk TiTaHfNbZr,
bulk Ti1sTaosHfosNbosZr, TiTaHfNbZr coated 316 L SS, TiTaHfNbZr coated and oxidized
316 L SS, TiisTaosHfosNbosZr coated 316 L SS and TiisTaosHfosNbosZr coated and
oxidized 316 L SS samples. At the end of each immersion period, samples were rinsed with
distilled water, air dried and stored for SEM analyses on Zeiss Evo LS15 and Zeiss Ultra
Plus Scanning Electron Microscopes. In these analyses, hydroxyapatite (HA) formation on
their surfaces was investigated to understand the bioactivity performances of the
coatings. Earlier studies showed that HA is the inorganic mineral phase of bone tissues
[8]. So, HA layer formation observed via SEM gives information about the bioactivity of
coatings. To distinguish HA particles from any other surface impurity, energy dispersive
X-ray spectrometer (EDS) was used together with SEM. For biocompatibility tests,
immersion fluid was subjected to ICP-MS analysis in an Agilent7700x ICP-MS device. Ni
and Cr ion releases from 316 L stainless steels to the immersion fluids were measured.
Since the readings from 10 X diluted and non-diluted immersion fluids were similar, all
fluids were 10 X diluted. For dilution, 2 % SUPRAPURE grade % 65 HNOs was added to
ultra-pure water and this mixture was used. Nitric acid returns any compounds of Ni or
Cr to the ion form. Maximum calibration point for the analysis was 50 ppb and minimum

point was 0.78 ppb. The device took 5 measurements from each week’s immersion fluid.

3. Results and Discussion

The results of XRF analysis are given in the Tables 4.2 and 4.3 below. They prove that the
arc melting performed to cast target and substrate HEA materials was well-directed and
the aimed atomic percentages were reached. Weight percentages of commercially bought
316 L SS also meets the ASTM F138 and F139 requirements in a great extent, each element

is in the correct amount except the Ni content is slightly less than the standards.
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Table 4. 2. Weight percentages of commercial 316 L stainless steel substrates.

Sample Cr Cu Mn | Mo Ni Ca Si Fe \% Co
(Wt%)

316L SS 17 | 0.388 | 1.54 | 2.03 | 9.76 | 0.057 | 0.33 | 68.11 | 0.079 | 0.16

Table 4.3. Atomic percentages of TiTaHfNbZr and Ti1.sTao.sHfo.sNbo.sZr.

Sample (at%) Ti Ta Hf Nb Zr
TiTaHfNbZr 19.75 20.38 20.93 19.18 19.76
Ti1sTao.sHfo.sNbo.sZr 35.86 12.50 12.84 11.79 27.02

As explained in the Chapter 1, these accurate atomic percentages of HEAs lead the four
main phenomena of high entropy alloys to take place: high entropy, lattice distortion,
cocktail and sluggish diffusion effects. Since all five elements exist in remarkable amounts,
they contribute to high entropy of mixing and this stabilizes solid solution phase. Different
atomic radii of various randomly distributed elements distort the lattice in a great
manner. By definition, cocktail effect arises from the interactions between the
constituting elements and the more elements exist in the lattice, the more this effect is
pronounced. In a HEA lattice structure, there are many different atomic sites. Some of
these sites have low lattice potential energy (LPE) and they cause diffusion rates to drop,
creating sluggish diffusion effect. As expected, sluggish diffusion hinders phase
transformation too [9,10]. The XRD patterns of 316 L stainless steel, bulk TiTaHfNbZr,
bulk TiisTaosHfosNbosZr, TiTaHfNbZr coating on silicon wafer, TiisTaosHfosNbosZr

coating on silicon wafer were given respectively in the Figure 4.1. (a) to (e) below:
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Figure 4.1. XRD patterns of (a) 316 L stainless steel, (b) bulk TiTaHfNbZr, (c) bulk
Ti1sTao.sHfo.sNbo.sZr, (d) TiTaHfNbZr coating on silicon wafer and (e)

Ti1.sTao.sHfo.sNbo.sZr coating on silicon wafer.
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Austenitic 316L stainless steel shows a typical crystalline structure pattern since it has
FCC structure [11]. However, as most of the HEAs, TiTaHfNbZr and Ti1.sTao.sHfo.sNbo.sZr
bulks are rather new materials and their lattice parameters are not found in the XRD
programs’ libraries. For this reason, their peaks could not be labeled. Yet, it is known that
they are rather FCC or BCC solid solutions. Coatings of these two high entropy alloys
however, showed typical XRD patterns of amorphous structures. Although HEAs are
known with having crystalline structures, it was also pronounced that they may have
amorphous structures when certain conditions apply [4,12]. An alloy’s preference
between amorphous and crystalline structures depends on glass formation ability of that
alloy [13]. According to Jien-Wei Yeh, rapid solidification and thin film coatings of HEAs
tend to form amorphous structures. Along with these, an important approach called
“confusion principle” was introduced by Turnbull and Greer. The principle states that
increasing the number of constituting elements prevents a definite crystal structure to
exist in the lattice and enhances glass formation ability. Together with high entropy and
sluggish diffusion effects, confusion principle arising from varying atomic radii of the
elements impels the structure to be amorphous [14]. Topological dense packing of the
structure resulting from confusion principle increases viscosity and thus glass forming
ability [15]. Inoue states that the minimum atomic size difference which is enough to

cause confusion principle is 12 % [16]. Atomic size difference is generally defined by 6.

ci is atomic percentage and r; is atomic radius of the ith component. In the current study
of TiTaHfNbZr and TiisTaosHfosNbosZr, when empirical atomic radii are taken into
consideration, none of the element couples lead to confusion principle [17]. When
calculated values of atomic radii are compared, there are significant size differences
between Ti-Ta, Ti-Hf and Ti-Zr since Ti has the smallest atomic radius among these five
elements [18]. With these being mentioned, it is worth to say that confusion principle
might have taken an active role on amorphous phase formation. In kinetic point of view,
RF magnetron sputtering suppressed long-range diffusion due to rapid solidification. Yeh
states that even 1 hour of deposition process in a deposition temperature of 400-500 °C

is enough to prevent crystallization. Considering that the HEA coatings in this study were
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deposited at room temperature, a quenching-like process took place. What pronounces
this quenching-like mechanism even more is sluggish diffusion effect. Unlike traditional
alloys, multi-components of HEA collaborates with rapid cooling and inhibits
crystallization [14]. Other than atomic size difference, multi-components, rapid
solidification and sluggish diffusion, thermodynamic concepts play an important role on
HEAs’ glass forming ability in a great extent. Below formula of Gibbs free energy is the
main starting point for almost all interpretations about thermodynamics behind

amorphous phase formation.
AGmix = AHmix - TASmix

Entropy of mixing, ASmix, increases with increasing number of components. Also, studies
showed that highest entropy is reached when all elements are in equal atomic ratios
[12,15]. The alloy’s preference to form an amorphous phase depends on AHmix and ASmix
comparison. So, a new parameter (), is defined.
— TmASmix
IAHmixl
Elements that favor glass formation mostly have negatively large enthalpies. Solid
solutions are stable when AHmix is near zero and when large values of TmASmixare obtained
since high entropy increases solubility of elements between each other. Previous studies

proved that high values of 6 together with small Q values lead to amorphous phase

[12,15,19].

Elastic moduli, and hardness values of the bulk materials and coatings are given in the

Table 4.4 below.

Table 4.4. Mechanical properties of bulk 316 L SS, TiTaHfNbZr, Ti1.sTao.sHfo.sNbo.sZr
and HEA coated 316 L SS samples.

TiTaHfNbZr
316L Ti1.sTao.sHfo.sNbo.s
TiTaHfNbZr | Ti1.sTaosHfo.sNbosZr | coated 316
SS Zr coated 316 L SS
LSS
E (GPa) | 216.8 1139 97.4 187.5 170.2
Hardness
362 371.2 333.4 1142 1030
(HV)
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These values were calculated by applying Oliver and Pharr methods to data collected from
nanoindentation tests. There is a moderate decrease in elastic modulus of 316 L SS
substrate after HEA deposition but an outstanding increase in hardness. This is attributed
to the amorphous HEA coating which supplies a wear resistant layer [4]. However, since
the mechanical behavior of these coatings are out of the scope of this chapter, more
detailed information was given in the Chapter 3 about TiTaHfNbZr coating on NiTi
substrate. Cross sectional and top view SEM images of HEA coatings on silicon wafer were

taken to investigate coating quality. Images are given in the Figure 4.2. (a) to (d) below.

1000 nm TiTaHfNbZr

Silicon Substrate

(a) (b)

1000 nm TiysTaosHfo.sNbosZr

Silicon Substrate

Ml

(c) (d)

Figure 4.2. SEM images of (a) top view and (b) cross-sectional view of 1n
TiTaHfNbZr coating on silicon wafer. (c) Top view and (d) cross-sectional view

images of 1n Ti1.sTao.sHfo.sNbo.sZr coating on silicon wafer.
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Both Figure 4.2. (a) and (c) show the cauliflower-like grains of the amorphous HEA
coating, there is no appreciable difference. Grains are composed of small round-shape
segments and grain boundaries appear darker. Grain boundaries are in fact cracks and
they are usually formed due to internal stress and atomic size differences between
constituent elements [20]. Cracks constitutes the risk of mechanical deformation of the
film and ion release from the substrate. Inhibiting these cracks is possible with shortening
the deposition time and decreasing the film thickness. This will decrease the grain sizes,
thus causes a harder and more corrosion resistant HEA layer [4,7,21]. Grain sizes vary but
diameters of small segments are mostly between 50 nm to 150 nm for both coatings.
Figures (b) and (d) prove that the coating thickness is uniform, and the coating is
continuous. After the immersion tests, surfaces of the samples were investigated with

SEM and EDS.

SEM images of first week’s samples are given in the Figure 4.3. below.

(b) (0
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(d) (e)

0 (8)

Figure 4.3. After 1 week of immersion, SEM images taken from (a) 316 L stainless

steel, (b) bulk TiTaHfNbZr, (c) bulk Ti1sTaoc.sHfo.sNbo.sZr, (d) TiTaHfNbZr coating

on 316L SS, (e) oxidized TiTaHfNbZr coating on 316 L SS, (f) Ti1.sTao.sHfo.sNbo.sZr
coating on 316L SS and (g) oxidized Ti1.sTao.sHfo.sNbo.sZr coating on 316L SS.

Figure 4.3. shows the hydroxyapatite (HA) particles nucleated on the surfaces of samples.
1 week is a short duration for making interpretations but it is evidential that HEA bulks
and HEA coatings showed better apatite forming performance than 316L stainless steel,
which does not have any nucleation. Particles formed on bulk TiTaHfNbZr, bulk
Ti1.sTaosHfosNbosZr, TiTaHfNbZr coating on 316L SS ,oxidized TiTaHfNbZr coating on
316 L SS and Ti1sTaosHfo.sNbo.sZr coating on 316L SS are separated from each other and
their diameters around 5pm as in the previous works found in the literature [22,23].

However, oxidized Ti1.sTaosHfo.sNbo.sZr coating on 316L SS has chunky HA particles which
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are more frequently observed. SEM images of third week’s samples are given in the Figure

4.4, below.

(d) (e)

75



() (8)

Figure 4.4. After 3 weeks of immersion, SEM images taken from (a) 316 L stainless
steel, (b) bulk TiTaHfNbZr, (c) bulk Ti1sTaoe.sHfo.sNbo.sZr, (d) TiTaHfNbZr coating
on 316L SS, (e) oxidized TiTaHfNbZr coating on 316 L SS, (f) Ti1.sTao.sHfo.sNbo.sZr

coating on 316L SS and (g) oxidized Ti1.sTao.sHfo.sNbo.sZr coating on 316L SS.

Figure 4.4. gives the SEM images of third week’s samples. At the end of three weeks, all
samples showed enhanced bioactivities compared to first week. However, HA dispersion
is problematic on 316 L SS. There are separated HA particles in varying sizes. The biggest
particle has 80 pm diameter. However, having chunky HA particles does not necessarily
mean that a dense HA coating exists. HA nucleation sites must cover the whole surface
homogeneously. Bulk TiTaHfNbZr possesses HA particles in diameters of 30 um dispersed
on the whole surface, which is a sign of very good HA coating. Bulk Ti1.sTao.sHfo.sNbo.sZr
however, has no HA nucleation when it is compared to TiTaHfNbZr bulk. Only couple of
nucleation with diameters of 2-5 pm exist. Probably the reason is that the sample was
accidentally dropped to the table before it was put on the SEM sample holder. That might
tear loosely bound HA particles off the surface. HEA coatings in fact have even better
nucleation formation ability than bulk TiTaHfNbZr. 316L coated with 1 pm TiTaHfNbZr
has the biggest particles, their diameters are generally around 30-40 pm but some of them
even reaches to 90 pm. A crucial observation was made after Figures 4.4. (d) and(e) and
Figures (f) and (g) were compared. Oxidation affected the bioactivity inversely. HA
articles are smaller in size and there are less nucleation sites throughout the surfaces of
oxidized HEA coatings. Thermal oxidation at 300 C° air atmosphere for 5 minutes might

change the surface morphology by coarsening the grains. Since oxidation acts as
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annealing, some elements of HEA coatings might have been migrated to the surface
forming metal oxides and this may also change the surface morphology leading to an

inverse effect on HA nucleation.

SEM images of fifth week’s samples are given in the Figure 4.5. below.

(b) )

(d) (e)
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Figure 4.5. After 5 weeks of immersion, SEM images taken from (a) 316 L stainless
steel, (b) bulk TiTaHfNbZr, (c) bulk Ti1sTaoc.sHfo.sNbo.sZr, (d) TiTaHfNbZr coating
on 316L SS, (e) oxidized TiTaHfNbZr coating on 316 L SS, (f) Ti1.sTao.sHfo.sNbo.sZr
coating on 316L SS and (g) oxidized Ti1.sTao.sHfo.sNbo.sZr coating on 316L SS. And

(h) a comparison of TiTaHfNbZr coating on 316L SS and oxidized TiTaHfNbZr
coating on 316L SS. The sample on the right side is oxidized TiTaHfNbZr coating.

In the fifth week’s SEM images, Figure 4.5. (a) shows HA nucleation on the margins of
uncoated 316L SS. Throughout the whole surface, there are not many nucleation in fact,
central region is rather empty. Especially after 5 weeks of immersion, bioactivity of
commercial 316 L SS is still insufficient. Bulk HEAs possess many HA particles in varying
sizes as they did in third week’s samples. HA nucleation on bulk Ti1.sTaosHfo.sNbosZr seem
darker. This is probably because they are thinner than regular particles or nucleated

chunky particles were fallen off from the surface leaving some traces behind. It is also
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possible that thin and small HA particles might dissolve back to the surrounding
environment [3]. However, even these traces are enough to make a comment on the high
bioactivity of Ti1.sTaosHfo.sNbo.sZr. This supports the explanation of Figure 4.4. (c) saying
the reason for the absence of HA particles is dropping the sample. Also, the number of
nucleation is not as high as the bulk TiTaHfNbZr. Surface of TiTaHfNbZr coating is full of
HA nucleation. They are dispersed homogeneously, and their sizes range from 2 to 45 um.
Oxidation of TiTaHfNbZr coating again decreased the bioactivity. In Figure 4.5. (e), there
are salt particles and HA nucleation with 3 pm diameters accumulated in one region.
Sample’s surface seems stained on this region, this might be resulted from organic
compounds. Even they are smaller, there are other HA particles too, but rest of the surface
is rather empty compared to non-oxidized TiTaHfNbZr. Despite it is not exactly as good
as TiTaHfNbZr coating, TiisTaosHfosNbosZr coating also has many HA nucleation.
Maximum diameter of these nucleation is 35 pm and minimum is 2 pum. The difference
between oxidized and non-oxidized coating is again easily seen on Figures 4.5. (f) and (g).
Figure 4.5. (h) supplies a better comparison, the sample on the left is non-oxidized

TiTaHfNbZr coating. Possible reasons for that was given in the above paragraph.

SEM images of seventh week’s samples are given in the Figure 4.6. below.

(a)
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(b) (c)

(d) (e)
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Figure 4.6. After 7 weeks of immersion, SEM images taken from (a) 316 L stainless
steel, (b) bulk TiTaHfNbZr, (c) bulk Ti1sTaoe.sHfo.sNbo.sZr, (d) TiTaHfNbZr coating
on 316L SS, (e) oxidized TiTaHfNbZr coating on 316 L SS, (f) Ti1.sTao.sHfo.sNbo.sZr
coating on 316L SS and (g) oxidized Ti1.sTao.sHfo.sNbo.sZr coating on 316L SS. And

(h) a comparison of TiTaHfNbZr coating on 316L SS and oxidized TiTaHfNbZr
coating on 316L SS. The sample on the right side is oxidized TiTaHfNbZr coating.

Figure 4.6. (a) shows that even 7 weeks is not enough for 316L SS to show the same
bioactivity that HEA coatings provided in 3 weeks. Wide-spread but very small HA
particles cannot be regarded as a HA coating. Bioactivities of bulk HEAs are slightly
increased, this is apparent from the HA particles having diameters up to 20 pm for
TiTaHfNbZr and 60 pm for Ti1.sTaosHfo.sNbo.sZr evenly dispersed throughout the surfaces.
There is an unexpected situation on TiTaHfNbZr and oxidized TiTaHfNbZr coatings as can
be seen in Figure 4.6. (d) and (e). Even though they are small and not many, there are HA
particles on TiTaHfNbZr and bioactivity is similar to 316 L SS. Yet, oxidation decreased
the bioactivity even more. The reason for that is probably not due to coating or the
substrate, but due to complications during immersion, rinsing or SEM analysis. Otherwise,
bioactivity of the HEA coatings would not be this perfect in the other samples, this samples
are most likely exceptions. This is also proved in the Figure 4.6. (f) and (g). Even though
there is a slight decrease in the bioactivity of Tii.sTao.sHfo.sNbosZr coating comparing fifth
week, HA particles are dispersed throughout the whole surface. Particles’ diameters reach
to 50 pm. After oxidation, the best HA coating seen in all seven weeks is observed.

Particles with 2 to 70 um diameters lay on the surface, there is a dense HA coating. The
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effect of oxidation is more clearly seen in Figure 4.6. (h), the sample on the left is non-

oxidized Ti1sTaosHfo.sNbo.sZr coating.

EDS analysis result of a typical HA particle is given in the Figure 7 below. Sample is 1um
TiTaHfNbZr coating on 316L SS after 1 week of immersion. Even though the sample
surfaces are clean, there are some impurities such as dendritic NaCl particles, silica-based
dirt, calcium based particles such as CaOC, organic compounds, carbon based dirt and
oxides. Also, there are dents and scratches due to machining, grinding and sample

handling with tweezers.

cpsfeV

keV

Figure 4.7. EDS analysis result of a typical HA particle nucleated on a 1pm

TiTaHfNbZr coating on 316L SS after 1 week of immersion.
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HEA coatings on 316 L substrate obviously increased HA nucleation. Sizes, intensities and
numbers of the HA particles increased. HA tends to start its nucleation on the margins of
samples. The bioactivity difference between 316L SS and HEA coatings and bulk HEAs
pronounced even more with increasing immersion duration. Oxidation of HEA coatings
decreased HA nucleation ability except 7 weeks immersed Ti1sTaosHfo.sNbosZr coating.
TiTaHfNbZr coating and bulk showed better bioactivity than Ti1.5Tao.sHfosNbosZr coating
and bulk in 3rd and 5th weeks. In general, HEA coatings are better than HEA bulks. Bulk
HEAs are crystalline, thus their surfaces are more rough than amorphous HEA coatings.
Thermal oxidation acts as heat treatment and increases roughness of the surface because
it favors crystallization [3]. The best HA formations were observed usually on non-
oxidized amorphous HEA coatings. So, smooth surfaces might tend to supply better
conditions for HA nuclei to reside on. However, the XRD peaks and AFM images following
oxidation are needed to make solid comments. The improved bioactivity of oxidized
Ti1.sTaosHfosNbosZr coating after 7 weeks of immersion might be attributed to possible
TiO2 and ZrO2 formations on the surface of HEA coating after thermal oxidation. These
two oxides are generally used as adhesion layers for hydroxyapatite coatings in the earlier
studies [3]. However, to explain the reason of not having the same effect in other oxidized

coatings needs extra study.

SEM and EDS analyses of first week’s 316 L SS and bulk HEA samples were conducted
with ZEISS Ultra Plus Scanning Electron Microscope. The remaining samples were
examined with ZEISS EVO LS 15 Scanning Electron Microscope. Bulk Ti1.sTao.sHfo.sNbo.sZr
HEA'’s surfaces seem to have white points in third and fifth weeks. They are not nucleation
or dirt. First week’s bulk Ti1.sTaosHfosNbosZr HEA does not show these dots. The reason

for this might be the change of SEM device.

To evaluate the biocompatibility of HEA coatings, the ion releases from the samples are

given in the Table 4.5 below and interpreted.
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Table 4.5. Ni ion releases from samples to c-SBF in ppb. Bold values indicate
higher ion release from coatings than that week’s uncoated 316L SS.

Niion
Immersion
Sample Name release
Duration

(ppb)
TiTaHfNbZr bulk 1week 2,11461
Ti1sTaosHfo.sNbo.sZr bulk 1 week 1,42977
TiTaHfNbZr coated 316L SS 1 week 3,25999
TiTaHfNbZr coated and oxidized 316L SS 1week 2,84671
Ti1.sTaosHfosNbo.sZr coated 316L SS 1 week 4,21041
Ti1sTaosHfosNbosZr coated and oxidized 316L SS 1week 2,42162
316L SS 1week 3,18902
TiTaHfNbZr bulk 3weeks 1,55971
Ti1sTaosHfo.sNbo.sZr bulk 3weeks 2,16187
TiTaHfNbZr coated 316L SS 3weeks 1,99072
TiTaHfNbZr coated and oxidized 316L SS 3 weeks 2,84664
Ti1.sTaosHfosNbo.sZr coated 316L SS 3 weeks 9,65973
Ti1sTaosHfosNbosZr coated and oxidized 316L SS 3weeks 3,78822
316L SS 3weeks 4,8481
TiTaHfNbZr bulk 5 weeks 1,72494
Ti1sTaosHfo.sNbo.sZr bulk 5 weeks 1,73087
TiTaHfNbZr coated 316L SS 5weeks 4,61785
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TiTaHfNbZr coated and oxidized 316L SS 5 weeks 4,55966

Ti1.sTaosHfosNbosZr coated 316L SS 5weeks 7,0106

Ti1.s5TaosHfosNbosZr coated and oxidized 316L SS 5 weeks 6,40835

316L SS 5weeks  3,4649
TiTaHfNbZr bulk 7 weeks 1,11697
Ti1sTaosHfo.sNbo.sZr bulk 7 weeks 1,53014
TiTaHfNbZr coated 316L SS 7 weeks 6,80822
TiTaHfNbZr coated and oxidized 316L SS 7 weeks 5,718
Ti1sTaosHfosNbosZr coated 316L SS 7 weeks 8,61521

Ti1.sTaosHfosNbosZr coated and oxidized 316L SS 7 weeks 2,10273

316L SS 7 weeks  3,38278

According to the data provided in Table 4.5, bulk HEAs released less ions than 316L SS in
all weeks. In fact, there is no release from bulk HEAs because they are 99.99 % pure. The
release readings attained from bulk HEAs are due to Ni impurities of chemicals used in
SBF preparation. In one week immersed samples, ion releases from non-oxidized HEA
coatings were more than uncoated 316L SS. However, thermal oxidation supplied an
effective protection against Ni ion leakage from 316L SS substrate and release amounts
are less than uncoated 316L SS. This might be due to metal oxides formed on the surface
of HEA coating, filling microcracks between the grains. Since the annealing results in grain
coarsening as previously mentioned, the microcracks must have been widened even
more. Even though this should have increased the release, an opposite situation occurred.
Hence metal oxides are widely used as protective layers against toxic effects of substrate
materials, this assumption is made [24,25]. After 3 weeks of immersion, oxidized and non-
oxidized TiTaHfNbZr coatings effectively protected the SBF in a great extent. So that
release from these coatings are close to that from bulk HEAs. Ti1sTaosHfo.sNbosZr coated

316L SS however, destroyed ion leakage shielding causing twice as much ion release from
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uncoated 316L SS. Yet, thermal oxidation again fixed this problem as in the first week. In
the 5 weeks immersion sample set, all coatings failed to supply ion release barrier. This is
probably because discontinuous coatings due to cracks, scratches, voids and broken off
regions. Examples of broken off and scratched coatings observed on SEM images of 5t

week’s coatings are given in the Figure 4.8. below:

(@) (b)

Figure 4.8. (a) Break off observed on the upper region of TiTaHfNbZr coating on
316L SS after 5 weeks of immersion. Green arrow shows the position of break off.
This region is even visible to eye appearing darker than other regions. (b) The
several millimeters long scratch on the oxidized TiTaHfNbZr coating on 316L SS

after 5 weeks of immersion.

The only effective coating among 7th week’s samples is oxidized Tii1.sTaosHfo.sNbo.sZr
coating. Ion release from remaining coatings are 2-3 times that of uncoated 316 L SS.
Among failed coatings, oxidized TiTaHfNbZr is the best one. That means oxidized coatings
again proved to have better biocompatibility than as deposited ones. Figure 4.9. below

shows the broken off region on TiTaHfNbZr coating.
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Figure 4.9. Break off observed on the upper region of TiTaHfNbZr coating on 316L
SS after 7 weeks of immersion. Green arrow shows the position of break off. This

region is even visible to eye appearing darker than other regions.

The HEA coated samples which caused high amounts of Ni ion release are subjected to
XPS analysis on Thermo K-Alpha X-ray Photoelectron Spectrometer. Readings are taken
from a circular region with 400 pm of diameter, 10 nm deep from the surface. All readings
showed Fe 3p peaks indicating these regions are not coated, 316L SS is directly in contact

with SBF. Figure 4.10. below shows the XPS date taken from TiTaHfNbZr coating on 316L

SS, immersed for 7 weeks.
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Figure 4.10. XPS results showing Fe 3p counts taken from TiTaHfNbZr coating on

316L SS, immersed for 7 weeks.
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It is observed that cumulative Ni ion releases from samples fluctuates upon 7 weeks of

immersion. The trend of this fluctuation is provided on a graph in Figure 4.11. below.

—m— 316L 55
12 -
—a— TiTaHfMbZr coating

oxidized TiTaHfbZr

—#— Ti1.5Ta0.5Hf0.5Mb0.5Zr coating
—u— oxidized Til.5Ta0.5Hf0.5Nb0.5Zr coating

10 -

Ni ion release (ppb)

1 2 3 4 5 5] 7

Immersion Duration (weeks)

Figure 4.11. Fluctuating cumulative Ni ion releases from samples upon 7 weeks.

These trends are not reasonable assuming that all coatings and all substrates are perfectly
identical. The ion release rates can fluctuate due to protective layer formation and
dissolution between different immersion durations as other studies revealed, but the
cumulative ion releases should increase or at least stay constant [25]. The reason for these
unbalanced trends is possibly the different coating qualities because all samples are
immersed in same SBF solutions, stored and analyzed altogether. The high amounts of Ni
ion releases from erroneously coated samples show that HEA coating is a risky surface
modification method. If it is not properly done, results are catastrophic. Such massive
amount of ion releases generally stems from pitting corrosion rather than a uniform

corrosion. Pitting corrosion causes due to small crevices on the surface. When these small
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cavities are deaerated, local anode and cathode regions form on the surface. Inside of the
crevice acts as anode while the circumference of the crevice borders acts as cathode. An
anodic current starts to flow in between these locations, oxidation starts inside the
cavities. Metal ions that released due to oxidation travels outside of the pits, they are
reduced and nucleated as metal oxides [11,24,26]. In the currents study, the Mn content
in 316L SS decreases the alloy’s resistance to pitting corrosion in Cl-rich solution such as
the SBF [14]. During SEM analyses, oxide formations were observed many times, they
might be indicators of pitting corrosion, yet further analyses are needed. One of the
proposed precautions to pitting corrosion is amorphous film coating [24,27]. However, if
this coating is not uniform and dense, discontinuities might act as crevices indeed,
increasing the risk of ion release. During ICP-MS analyses, Cr ion release was also
measured but since most of the samples did not show any release, Ni ion release is

focused.

Conclusion

This study reveals that PVD coating of 1um thick TiTaHfNbZr and Tii1sTao.sHfo.sNbo.sZr
coatings improves the hardness of 316L stainless steels without sacrificing from elastic
modulus. As deposited HEA coatings provide outstanding enhancement on the bioactivity
of 316L stainless steel, thermally oxidized coatings also showed very good bioactivity.
Especially thermally oxidized HEA coatings are promising barriers to toxic ion release.
However, continuity and density of the coating is crucial to avoid catastrophic ion release.
Together with excellent mechanical properties and hydroxyapatite formation ability, HEA
coated 316L stainless steels are suitable for load-bearing orthopedic implants. Yet, their

biocompatibility needs improvements and extra effort.
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CHAPTER 5. CONCLUSION AND FUTURE WORK

This study investigates PVD coatings of TiTaHfNbZr and Ti1.sTaosHfosNbosZr on NiTi and
316L stainless steel substrates. Mechanical performances, microstructures, bioactivity
and biocompatibility of coatings were analyzed using various methods such as
nanoindentation, XRD, AFM, SEM, EDS, XPS and ICP-MS. Results proved that HEA coating
is a promising surface modification method since it provides improvements on
mechanical properties, bioactivities and biocompatibilities of the metallic substrates that
they deposited on. Effect of oxidation on XRD patterns, surface roughness and mechanical
properties of HEA coatings deposited on 316L stainless steels needs further analyses. In-
vitro cell culture tests should also be conducted for NiTi substrates. HEA coated 316L
stainless steel and NiTi SMA samples must be examined in pitting tests. Also, methods to
control and reduce the internal stress of the films during deposition process should be
studied. Also, computer programs can be used for making computational analyses on the
elemental distribution of HEA coatings and bulks prior to production. These programs
supply consistent predictions on the alloy’s mechanical properties and corrosion
resistances. Cell culture and viability experiments are necessary to make the most

accurate interpretations on bioactivity and biocompatibility of HEA coatings.
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