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ABSTRACT

Development of Novel High-Entropy Alloys for Biomedical Applications
Seyma Giirel Saydam
Master of Science in Mechanical Engineering
February 14, 2020

High entropy alloys are solid solution alloys that contain multi-principal elements
in nearly equi-atomic percent. This unique concept introduces a superior combination of
enhanced mechanical properties that cannot be exhibited by conventional alloys
consisting of one or two principal elements. The superior properties such as high
strength, high fracture toughness, excellent wear and corrosion resistance have led to the
investigation of whether the novel materials could be included in the field of medicine
as biomaterials. Microstructural properties, mechanical properties and bioactivities of
the high entropy alloys TixsTazsHf25sNb2s, TizoTazoHf20Nb20Zr20, TizoTazoHf20M020Zr20,
and the medium entropy alloy CoCrMo have been evaluated to observe the potential for
fruitful use of these materials in the biomedical field.



OZETCE

Biyomedikal Uygulamalar icin Ozgiin Yiiksek Entropi Alasimlarinin
Gelistirilmesi
Seyma Giirel Saydam
Makine Miihendisligi, Yiiksek Lisans
14 Subat 2020

Yiiksek entropili alagimlar yaklasik olarak esit atomik yiizdede coklu esas
elementler iceren kat1 ¢dzelti alasimlaridir. Ozgiin konsept, bir veya iki esas element
iceren geleneksel alagimlarla elde edilemeyen gelismis mekanik Ozellikler sunar.
Yuksek mukavemet, yiiksek kirilma toklugu, milkemmel asinma ve korozyon direnci
gibi Gstun 6zellikler, bu yeni malzemelerin tip alaninda biyomalzemeler olarak dahil
edilip edilemeyeceginin arastirilmasini gerektirmistir. Yiiksek entropi alagimlarinin
TizsTazsHf2sNbgs, TizgTazoHf20Nb20Zr20, TizoTazoHf20M020Zr20 ve orta entropi alasimi
CoCrMo'mun mikro yapisal ozellikleri, mekanik ozellikleri ve biyoaktiviteleri, bu
malzemelerin biyomedikal alanda verimli kullanim potansiyelini gézlemlemek {izere
degerlendirilmistir.
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Introduction 1

Chapter 1:
INTRODUCTION

Metallic materials are extensively used in biomedical applications owing to their
satisfactory mechanical properties and biocompatibility. Stainless steel, Co-based
alloys, and Ti-based traditional alloys have been popularly utilized as implants,
however, the traditionally used implants have been associated with some concerns such
as toxicity and elastic modulus mismatch which have effects on implant durability and
human health [1-9]. Many studies aiming to increase the efficiency of an implant and
the quality of life of the patient by producing an alternative implant material to
traditional medical materials are continuing with developments of metallic materials
[1,10-15]. As a result of the search for new generation materials, high-entropy alloys
have attracted attention with their applications in the biomedical field [2,16-19]. Thanks
to their superior properties such as high strength, excellent corrosion resistance, and
fracture resistance, these materials can adapt to the human body environment to provide
long-lasting use of an implant [20-26]. This study investigates biocompatibility and
mechanical properties of three Ti-based high entropy alloys and CoCrMo medium
entropy alloys to evaluate their performance as implant materials.

In this section, high entropy alloys as a novel material concept have been discussed

within the relative context of this study.

1.1  Background

1.1.1 Biocompatibility

The definition of biocompatibility has been extended as a concept in itself with
increasing human needs. The first definition of biocompatibility concerns the chemical
activity of an implant that can cause adverse tissue reactions, and biocompatibility
became a more considerable topic with the utilization of an implant in the human body
for a long period of time. The implant materials in the body can lead to unfavorable
biological activities as locally or systemically, therefore implant materials should be
non-toxic and non-allergenic to eliminate any harm to human health. Moreover, a host

response is important such that an implant material should be appropriate for a specific
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application purpose and a site [27]. Host response for the desired application can vary
from one to another situation, in the manner that orthopedic implants of knee joints and
hip replacements are exposed to biochemical degradation and static/dynamic loadings,
and the implants should be designed with considering these biological environment and
physiological conditions [28]. Therefore, an implant should support damaged or
repaired tissue, and withstand the human body environment and dynamic loadings

without causing health risks.

1.1.2 Metallic Biomedical Materials and Their Limitations

Medical metallic materials have been widely preferred in hard tissue
replacements and dental implants prior to their superior mechanical properties. Stainless
steel, titanium and titanium alloys, cobalt chromium-based alloys are common metallic
materials that are of great importance in providing long-term stability in the human
body due to their reliable mechanical strength, long-bearing capacity and corrosion
resistance [14]. However, some limitations have been observed that harm the biological
and mechanical compatibility during the use of common metallic materials in the human
body [1,14].

Among the metallic materials, titanium and titanium alloys are one of the most
promising biomaterials with excellent biocompatibility and good mechanical properties
such as high strength and toughness [14,31]. Commercially pure titanium and Ti-6Al-
4V are the main titanium implants that have been developed to use in dental and
orthopedic applications [1]. Nevertheless, the biocompatibility of titanium alloys is still
a debatable subject due to the high elastic modulus of an implant and the release of toxic
ions such as Al and V for the human body [14,15,32]. Therefore, low-modulus and non-
toxic Ti alloys have been developing to eliminate potential health risks [33].

In addition, stainless steel has practical applications in orthopedics with good
mechanical properties. However, the elemental composition of stainless steel
deteriorates biocompatibility by releasing toxic ions from an implant into a body
environment. Particularly, Ni ion release from 316L SS into surrounding tissues can
lead to adverse reactions such as Ni hypersensitivity [1,32—-35]. In order to eliminate
cytotoxic issues of stainless steel, high-N Ni-free stainless steel has been proposed
[1,36,37]. However, Ni-free stainless steel has limited utilization purposes such as for
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thin-walled products [38]. Moreover, high density and higher Young’s modulus of
stainless steel than bones create elastic modulus mismatch and lead to deterioration of
the material integrity of an implant with the bone [36]. The mechanical incompatibility
can lead to stress shielding effect [39], prosthesis failure, implant loosening, and bone
resorption and so on in long term applications [40,41].

Besides, CoCrMo alloys are the most used Co-based biomedical materials in
orthopedic and dental applications. Their high strength and wear resistance provide
advantages as well as with their high corrosion resistance in biomedical applications.
Spontaneously forming a passive oxide layer on CoCrMo alloys is a key to establish the
biocompatibility of CoCrMo [42,43]. While the passive layer facilitates the
osseointegration process, it reduces ion release from CoCrMo alloys and eliminates high
toxicity [44—46].

On the other hand, titanium alloys show better biocompatibility due to excellent
corrosion resistance as Compared with cobalt-based alloys and stainless steel. Pure Ti
and Ti-6Al-4V have been mainly used materials as implants, however, some concerns
exist due to the strength of Ti and toxicity of Ti-6Al-4V owing to its V and Al content
that can damage the neurological system[1,47,48]. In order to eliminate the toxic effects
of Ti-6Al-4V, some alloys without V have been developed such that Ti-6Al-7Nb and
Ti-5Al-2.5Fe [14,38]. In addition to biological biocompatibility, mechanical
compatibility of implant materials has been improved by low modulus alloys.
Therefore, nontoxic and low modulus alloys such as Ti-13Nb-13Zr, Ti-12Mo-6Zr-2Fe
(TMZF), Ti-15Mo, Ti-16Nb-10Hf, Ti-13Nb-13Zr, Ti-12Mo-6Zr-2Fe (TMZF), and
Ti—29Nb-13Ta-4.6Zr (TNZT) have been developed [32,38,57-59,49-56]. The studies
showed promising results, such that TNTZ alloys have attracted great attention owing to
their low Young’s modulus of approximately 60 GPa that is close to that of bone

(approximately 30 GPa) with addition to their high corrosion resistance [57].

1.1.3 High Entropy Alloys

The new material concept, based on multi-principal elements different from
traditional alloys, was first published in 2004 [60,61]. While traditional alloy design
mostly consists of one or two principal elements, high entropy alloys have five or more

principal elements with a concentration of 5 and 35 at.% [61-63]. The multicomponent
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structure in traditional alloys may create complex and brittle microstructure, however,
the higher mixing entropy in HEAs reduces the number of random solid solution phases
to create a single solid phase such as face-centered cubic (FCC), body-centered cubic
(BCC), and hexagonal close packing (HCP) structures [64—66]. Therefore, the alloys
called “high entropy” due to the effects of high configurational entropy on their
microstructure such that unique properties exist in HEAs. The superior properties
include high strength and hardness [25,26,75,76,67—74], excellent corrosion resistance
[22-25,75,77,78], high thermal stability [26,64,79] , good wear resistance , and high
fracture resistance [20,21]. The combination of such unique properties with easy
production process with available technologies [65] makes HEASs desirable to
engineering applications such as in structural applications that can withstand to extreme
conditions as in aerospace industry and energy generation fields [80—83], also their high
capacity of resistance to harsh conditions with satisfactory strength and toughness

makes them substantial candidates in biomedical field.

1.1.4 High Entropy Alloys as Biomedical Materials

Some studies have been investigated to the biocompatibility of high entropy alloys
with respect to their corrosion behavior and mechanical properties under different
conditions. The popularity of titanium-based alloys owing to their extremely good
properties contributed to developments in high entropy alloys since Ti-based alloys
indicate promising results for further investigations. Advanced properties have been
observed in Ti-based high entropy alloys compared to traditional biomedical materials.
Such that, newly developed TiZrNbTaFe showed better corrosion resistance in
simulated body fluids than Ti-6Al-4V with improved mechanical biocompatibility
[19,84]. Moreover, another Ti-Nb-Ta-Zr based HEA which is TiZrNbTaMo have
excellent corrosion resistance that was tested in Phosphate buffer solution (PBS) [18].
In addition to the corrosion resistance of HEAs, some studies have been focused on
their mechanical features, such that high strength and good deformability of
TiNbTaZrMo has been observed with excellent biocompatibility [17,85]. Moreover, a
study showed that TiZrTaHfNb HEA has promising properties such as high wear
resistance and corrosion resistance that make TiZrTaHfNb a possible biomedical
material [86]. On the other hand, although some studies have investigated the fracture
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behavior of HEAS in extreme conditions [87—-89], there is a lack of information on the
fracture behavior of HEAs for biomedical purposes.

In this study, biological and mechanical compatibility of three HEAs of TiTaHfNb,
TiTaHfNbZr, TiTaHfMoZr, and a medium entropy alloy of CoCrMo alloy have been
investigated with respect to their corrosion behavior, biocompatibility, and fracture

mechanism in order to evaluate their potential to use as implant materials.
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Chapter 2:
CORROSION BEHAVIOR OF NOVEL TITANIUM-BASED HIGH
ENTROPY ALLOYS DESIGNED FOR MEDICAL IMPLANTS

2.1 Introduction

Discovery of the least chemically active, non-irritating and non-toxic materials
that can interact with target tissue has made a significant contribution to the
development of biomaterials [1,2]. Among metallic, ceramic and polymeric biomaterials
[3,4], metallic alloys emerge as more suitable candidates for applications aimed at
repairing and supporting damaged bone tissue [5,6]. Therefore, metals are commonly
preferred in orthopedic implants and orthodontic practices to support failed tissue as
temporary and permanent implants [7,8]. Specifically, stainless steels, CoCr alloys, and
Ti-based alloys constitute the primary choices of metallic biomaterials owing to their
enhanced mechanical properties, which are beneficial for implantation applications of
hard tissue such as knee joint, hip joint and dental implants [6,9,10]. Nevertheless,
problems, such as toxic ion release, wear, or elastic modulus mismatch between an
implant and human tissue can bring about important setbacks, especially in long-term
applications [5,11-13]. For instance, two commonly utilized metallic implant materials,
stainless steel and NiTi shape memory alloy, exhibit a substantial amount of Ni ion
release into the bloodstream or the tissue they are in contact with, leading to adverse
side effects [7,10,14,15]. Another popular metallic biomaterial, namely the Ti-6Al-4V
alloy, poses a health risk in long-term usage owing to V and Al ion release with
potential to harm to the nervous system, in addition to possible tissue loss, implant
loosening, and failure of prostheses facilitated by stress shielding effect due to modulus
mismatch [5,10,16-22]. Consequently, these problems compel researchers to seek
alternative metallic biomaterials with excellent corrosion resistance in aggressive
environments [23,24].

Recently, a class of alloys with high corrosion resistance, namely the high entropy
alloys (HEAS), have attracted significant attention owing to their superior mechanical
properties [25-31], which is a result of their higher configurational entropy and ability
to form a single solid phase [23,26,32]. HEAs have quickly become strong candidates
for various engineering applications owing to their high strength and hardness
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[26,27,33-41], high thermal stability [33,41,42], and high fracture toughness [43,44], in
addition to their excellent corrosion resistance [23,41,45]. This unique combination of
superior mechanical properties is present even at cryogenic temperatures since the high
configurational entropy stabilizes disarranged solid phases into a single-phase
[26,28,38,46]. Recent studies mainly concentrated on understanding the mechanical
behavior of HEAS, as well as their microstructural properties [36,47-50].

In general, the utility of metals in biomedical applications has primarily negative
effects on biocompatibility owing to their corrosion tendency, which can damage both
the implant and the surrounding tissue and organs [51]. Nevertheless, it is the excellent
corrosion resistance exhibited by HEAs that makes them attractive for biomedical
applications [51]. Thus, some scientific work has already been undertaken in order to
evaluate the corrosion resistance of the HEAs under conditions that simulate the
aggressive environment provided by the human body [23,30,34,45,52-55]. The current
work aims to contribute to this line of research and focuses on the investigation of
corrosion behavior of HEASs in physiological media simulating blood (i.e. simulated
body fluid (SBF)) and oral cavity (i.e. artificial saliva (AS)).

Notably, different elemental compositions of HEAs have been improved with the
addition of Ti due to its high biocompatibility and high strength. For instance, some
studies on the corrosion behavior of Ti-based HEAs showed superior resistance
exhibited by these alloys as compared to traditionally used biomaterials, such as Ti-6Al-
4V [52], against aggressive environments such as phosphate buffer saline (PBS), NaCl
infusion solution, and simulated body solution [52-54]. Specifically, the Ti-Ta-Hf alloy
system was modified by the addition of non-toxic late transition elements such as Nb,
Zr, Mo [6,10,16,22,54,56-59] to provide enhanced biocompatibility and TiTaHfNb,
TiTaHfNbZr and TiTaHfMoZr HEAs were prepared and studied in this work. To the
best of the authors' knowledge, the current work constitutes the first study focusing on
the corrosion response of these HEA systems to assess their potential use in
cardiovascular or oral implants in their bulk form.

Recent studies on one of Ti-Ta-Hf based alloys, namely TiTaHfNbZr alloy,
showed that TiTaHfNbZr serves as an effective coating material when deposited on
NiTi and Ti-6Al-4V substrates [14,60,61]. In particular, TiTaHfNbZr coating provided
superior wear and corrosion resistance in aggressive physiological environments,

encouraging further assessment of this particular HEA and its derivatives as
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biomaterials. The current study focuses on the TiTaHfNb, TiTaHfNbZr and
TiTaHfMoZr HEAs in their as-cast form in order to evaluate their corrosion behavior in
bulk form rather than as a coating on another metal substrate, such that their utility as an
independent biomaterial can be assessed. For this purpose, bulk TiTaHfND,
TiTaHfNbZr and TiTaHfMoZr samples were subjected to static biocompatibility
experiments in SBF and AS, and both samples and the immersion fluids underwent a
thorough experimental examination in order to reveal the corrosion behavior of these
materials. The key finding is that TiTaHfNbZr alloy exhibited superior corrosion
resistance in both SBF and AS, while TiTaHfMoZr sustained the most corrosion
damage among all three alloys, and the TiTaHfNb alloy could not tolerate the SBF
environment well. Overall, the findings presented and detailed in the remainder of this
paper demonstrate the considerable corrosion resistance of these three HEAsS, yet also

warrant further investigation to uncover their potential use as biomaterials.

2.2  Experimental Procedures

The HEAs studied in this work were synthesized by arc melting with a purity of
99.9%: the TiTaHfNb HEA was composed of 50 wt.% Ti, 16.67 wt.% Ta, 16.67 wt.%
Hf and 16.67 wt.% Nb, whereas the TiTaHfNbZr and TiTaHfMoZr compositions were
equimolar. The disc-shaped multi-component alloys with a diameter of 50.1 mm and a
thickness of 6.1 mm were cut by electrical discharge machining (EDM) to extract 10
mm X 5 mm x 1 mm bulk samples. Contaminations and EDM residue on the bulk
sample surfaces were eliminated by mechanical polishing (without any change or with
only negligible change) in thickness of the samples. SiC emery papers with various
grain sizes ranging from 106 to 2.5 um were used, followed by polishing with 0.30 um
alumina slurry until the sample surfaces had mirror-like appearance. The bulk samples
were cleaned with ethanol and rinsed with de-ionized water. After the cleaning
procedure, the bulk samples were immersed into SBF (pH=7.4) and AS (pH=2.3) for 1,
7, 14 and 28 days. The solutions were kept at a constant temperature of 37 °C
throughout the immersion with the aid of an electronically controlled water bath.

The composition of AS and SBF are provided in Table 2-1 [62]. Each HEA sample
was deposited separately in a sealed tube, and the tubes were filled with the solutions,

where a volume per surface area ratio of 20 mL/cm2 was arranged [63]. The mass of
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each bulk sample was recorded before and after the immersion test to detect mass gain
or loss by corrosion. Crystallographic identification of the alloys was accomplished by
X-ray diffraction (XRD) method on a Bruker D2 Advanced X-ray diffractometer with a
Cu-Ka radiation source operated at 30 kV and 10 mA. The incidence angle was about
5° and the acquisition angle ranged from 5° to 90°, where each step was processed with
a 0.02° increment. The surface morphology of both untested and tested samples was
investigated by a Zeiss Ultra Plus field emission scanning electron microscope (SEM).
lon release from the bulk samples into the immersion fluids was monitored using an
Agilent 7700x inductively coupled plasma mass spectrometer (ICP-MS). A Thermo-
Scientific K-Alpha X-Ray Photoelectron Spectrometer (XPS) were utilized to obtain

chemical content information of from the surface of the samples after immersion tests.

Table 2-1: Composition of the AS and SBF utilized in the static immersion
experiments.

) ’ Amount
Solution Ingredients pH
(9/L)
NaCl 0.4
KCI 0.4
CaClz . 2Hz0 0.906
AS 2.3
NaH2P04.2H20 0.69
Na2S.9H20 0.005
Urea 1
NaCl 8.036
NaHCOs 0.352
KCL 0.225
K2HPO4.3H20 0.23
MgCl2.6H.0 0.311
SBF 7.4
1M HCL 40 mL
CaCl; . 2H20 0.293
NaxSO4 0.072
TRIS 6.063
1M HCL 0.2 ml
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2.3  Results and Discussion

Surface morphology of the bulk HEAs before the immersion experiments were
analyzed by SEM, revealing that TiTaHfNb, TiTaHfNbZr and TiTaHfMoZr had a
smooth surface prior to immersion test (Figure 2-1). Some stains were observed on the
TiTaHfNb surfaces prior to immersion tests despite the additional polishing process that
had been applied to eliminate them from the surface. EDX analysis revealed that the
stains are composed of Si and C (Figure 2-2), which stem from SiC emery papers used
in the polishing procedure. This implies that the TiTaHfNb surface is not rigid enough,
and this mild surface of TiTaHfNb may facilitate the penetration of the immersion
solutions into the material, such that the surface establishes a suitable ground for
unintended attacks. As can be seen in Figure 2-3 (a), (c) and (d), the SEM micrographs
of the TiTaHfNb demonstrate a highly deformed surface following 28 days immersion
in SBF. Figure 2-3(a) shows that TiTaHfNb was negatively affected from the SBF
environment and the locally intense corrosion behavior leads to enlargement of the
corrosion through the thickness as indicated in Figures 2-3 (c) and (d), which may result
in pitting corrosion in long term applications. Indeed, several studies support the idea
that sulphate and chloride ions have significant effects on the corrosion behavior of
metallic materials [53,64-68]. Specifically, existence of chloride ions could accelerate
corrosion with the condition of delicate passivation layer. During corrosion process
chloride ions can easily penetrate through the thin layer, giving way to pitting corrosion
[53,64]. Besides, on TiTaHfNb sample surfaces, the vertically advancing corrosion
behavior created ditch like structures and holes that contain particles (Figures 2-3 (c)
and (d)). The accumulated particles around and in the holes signify initiation of
conceivable crystallization process: NaCl crystals (in Figure 2-3 (c) and (d)) have been
revealed by XPS (Figure 2-4), where NaCl formation evidences penetration of chloride
ions into the material. Therefore, it can be argued that the chloride ions facilitate pitting
corrosion, and sulphate ions further worsen the corrosion by expanding the pits [68].
Therefore, NaCl precipitates seen in Figure 2-3 (c) and (d) can be attributed to pitting
corrosion induced by SBF. Consequently, TiTaHfNb cannot tolerate SBF environment
since the experimental findings clearly indicate pitting corrosion, and the relatively mild
surface of TiTaHfNb may accelerate the corrosion behavior. On the other hand, AS

provides a more suitable environment for TiTaHfNb alloy, as evident from the lack of a
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substantially deformed surface that formed when immersed in SBF. This significant
difference between the surfaces of TiTaHfNb substrates immersed in SBF and AS can
be clearly seen in Figures 2-3 (a) and (b). The smoother surface seen in (b) suggests
higher corrosion resistance of TiTaHfNb against AS. After all, better surface response
to AS was observed in TiTaHfNb despite the lower pH degree of AS.

Figure 2-1: The SEM images of the untested (a) TiTaHfNb, (b) TiTaHfNbZr and
(c) TiTaHfMoZr sample surfaces following polishing.
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Figure 2-2: (a) Stains on the as-received TiTaHfNb, and (b) EDX analysis of
elemental composition of the stains observed on TiTaHfNb surfaces.
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Figure 2-3: SEM micrographs of the bulk TiTaHfNb sample surfaces following
immersion for 28 days - (a), (c), (d): SBF, and (b): AS. Arrows at (c) and (d) represent
the crystal structures forming on the TiTaHfNb surface after being immersed in SBF for
28 days.

As compared to the TiTaHfNb alloy, TiTaHfNbZr HEA exhibited a more stable
behavior in both SBF and AS: as shown in Figure 2-5, there is no significant corrosion
on the surface of TiTaHfNbZr following immersion in SBF and AS, and the material
highly resists to both these aggressive environments with negligible amount of
corrosion. In contrast to TiTaHfNbZr, non-homogeneous degradation prevailed on the
surface of TiTaHfMoZr due to significant amount of Mo ion release. Two distinct
regions were recognized prior to immersion and following 28 days of immersion in SBF
and AS as evident from the SEM images presented in Figure 6. These two regions were
analysed by EDX (Figures 2.7 and 2.8), which coexist as a consequence of
nonhomogeneous distribution of the components during solidification process that lead
to dendritic structures [30]. As illustrated in Figure 2-7 (a) and (b), and 2.8 (a) and (b),
dendrites indicate Ta-rich areas with a higher melting point, leading to earlier
crystallization [69], and Zr-rich areas dominated the inter-dendrite regions. This
inhomogeneous elemental distribution was brought about by the addition of Mo during
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manufacturing process. On the other hand, TiTaHfMoZr showed better corrosion
resistance in SBF environment. The difference between corroded surfaces induced by
SBF and AS are apparent from Figures 2-4 (a) and (c), such that AS induced more
damage to the surface of TiTaHfMoZr. Thus, one can conclude that TiTaHfMoZr
performs better in SBF than in AS.

pr—

L o s e o B R e B R |

Pt R T L o
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
keV

Figure 2-4: (a) A NaCl crystal on TiTaHfNb surface, and (b) EDX analysis of NaCl
crystal in (a).

22



Corrosion Behavior of Novel Titanium-Based High Entropy Alloys Designed for
Medical Implants 23

(a)

Figure 2-5: SEM micrographs of the bulk TiTaHfNbZr sample surfaces following
immersion for 28 days — (a), (b): SBF; (c) and (d): AS.

Figure 2-6: SEM micrographs of the bulk TiTaHfMoZr sample surfaces following
immersion for 28 days — (a), (b): SBF; (c) and (d): AS. Black arrows at (2), (b) and (d) indicate
darker regions; white arrows indicate brighter regions.
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Figure 2-7: EDX analysis results of the as-received TiTaHfMoZr sample: (a)
nonhomogenous surface of TiTaHfMoZr, (b) EDX of TiTaHfMoZr surface. Green
regions represent Ta-rich areas, and red regions represent Zr-rich areas.
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Figure 2-8: EDX analysis results of the TiTaHfMoZr sample following 28 days of
immersion in SBF: (a) nonhomogenous surface of TiTaHfMoZr, (b) EDX of
TiTaHfMoZr surface; Green regions represent Ta-rich areas, and red regions represent
Zr-rich areas.
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It should be noted that the low pH value of AS has a significant ionization effect on
all three HEAs as evidenced by the surface degradation. SEM micrographs (Figures 2.5
and 2.6) demonstrate the aggressive nature of AS and the corresponding corrosion
damage it causes, while supporting data from the ICP-MS experiments (Figure 2.9)
demonstrate the negative impact of AS on the ion release behavior of the studied HEAs:
the amount of total ion release form all three HEAs was much higher in AS at the end of
the 28th day as compared to the SBF.

As illustrated in Figure 2-5, SBF and AS contain very similar levels of ion
concentrations after immersion of TiTaHfNb and TiTaHfNbZr substrates, however;
addition of Zr enhances corrosion resistance, such that TiTaHfNbZr shows better
protection against ion release, as evidenced by the less total ion release from
TiTaHfNbZr (as compared to TiTaHfNb) following the 1st week of immersion in both
media. The highest total released ion concentrations in SBF and AS were obtained from
the immersion tests of TiTaHfMoZr (Figure 2-9). TiTaHfMoZr showed almost 5 and 3
times more ion release into the SBF and AS, respectively, while relatively small
quantity of ions was released from the TiTaHfNb and TiTaHfNbZr. This significantly
enhanced ion release behavior from the former HEA, is attributed to Mo replacing Nb in
the other two materials. Apparently, Nb acts as a stabilizer and restricts the quantity of
released ions from the bulk [54,70,71].

An important finding is that the HEA substrates gained mass following immersion
tests despite the ion release. For instance, even though a greater amount of ion release
was observed in AS for all three HEAS (Figure 2-9), this was accompanied by an
increase in mass of the immersed samples as demonstrated in Figure 2-10. The increase
in mass following the immersion experiments despite the apparent corrosion is an
indication of new formations on the surface: the ions attached to the metallic surface can
facilitate the formation of passive oxide layer that initiates osseointegration process
[20,72,73], which is very beneficial for biomedical applications. Indeed, a significant
mass loss would be expected in the samples due to high ionization from their surfaces.
However, the continuously increasing ion release from TiTaHfNb and TiTaHfNbZr
(Figure 2.9), as well as the corresponding mass gain patterns presented in Figure 2-10
indicate this protective layer formation.

In the case of TiTaHfMoZr, Mo ion concentrations in SBF and AS started to

decrease following the 1st week of immersion (through days 7-14, Figure 2-9) despite
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the fact that the mass increased (SBF) or only slightly decreased (AS) (Figure 2-10),
implying ions attaching onto TiTaHfMoZr surface or new compounds forming in the
immersion solutions. Even though TiTaHfMoZr has the highest amount of ion release
among TiTaHfNb and TiTaHfNbZr, there is no significant mass loss in TiTaHfMoZr
that indicates a passive layer formation. On the other hand, cyclically repeated
elemental release implies a passive layer formation and dissolution over specific time
periods [74,75]. Specifically, the total ion release from TiTaHfMoZr increased within
the first 7 days, and then decreased until the 14th day, followed by an increased ion
concentration up until the end of the 28th day (Figure 2-9). Despite this significant ion
release from the TiTaHfMoZr HEA, especially within the first 7 days upon immersion
in AS, the nearly constant remaining mass within this period (Figure 2-10) strongly
suggests beginning of surface film formation. Therefore, increase in the mass of
TiTaHfMoZr during the ion reduction in SBF and AS can be attributed to passive layer
on the surface. Consequently, the observed trend between the total ion release (Figure
2-9) and mass change (Figure 2-10) is remarkable and clearly evidences the formation-
dissolution cycle of a passive surface layer.

The mass increase in TiTaHfNb (Figure 2-10 (a)) may have been due to NaCl
precipitates (Figure 2-3 (c), (d) and Figure 2-4). On the other hand, no new crystal
structures were observed on the surfaces of TiTaHfNbZr and TiTaHfMoZr HEAs by
SEM (Figure 2-5 and 2-6), and the mass increase in these two materials suggests a
passive oxide layer formation. In order to clarify this ambiguity, samples expected to
form a passive oxide layer were analyzed with XPS. TiTaHfNbZr and TiTaHfMoZr
were significantly exposed to corrosion in AS without reduction in their masses, such
that the results of ICP-MS and the observed mass gain led to the investigation of the
possibility of a passive oxide layer formation. Therefore, elemental compositions of
TiTaHfNbZr and TiTaHfMoZr samples following 28 days of immersion in AS were
analyzed by XPS. The samples were initially etched for 60 s to eliminate organic
impurities, then the etching process was continued until 3000 s for the TiTaHfNbZr and
TiTaHfMoZr samples. XPS analysis results proved that TiTaHfNbZr and TiTaHfMoZr
formed a passive oxide layer on their surfaces following a 28-day immersion test in AS,
and oxides of Ti, Ta,Hf,Nb,Mo and Zr were found on the surfaces of the HEAs during
the post-mortem investigation. It should be noted that the XPS analysis focused on Zr

and its oxides, mainly because Zr has ability to form a strong and adherent passive layer
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on a material surface [76,77]. As illustrated in Figure 2-11, while both materials have
oxygen on their surface, the amount of oxygen decreases and the amount of metal
increases concomitant with the distance from the surface. As etching moves from the
surface to deeper layers, oxygen is replaced by metal oxide, which is eventually
replaced by pure metal elements.

Even though TiTaHfNbZr and TiTaHfMoZr HEASs exhibited higher ion release in
AS (pH=2.4) than in SBF (Figure 2-9), a healthier (smoother) surface appearance was
noted following the immersion tests in AS with negligible surface degradations as
evidenced from SEM images (Figure 2-5 (¢) and (d); Figure 2-6 (c) and (d)). This is
attributed to the surface layer formation, such that passive layer forming on the surface
covers the surface deteriorations initially induced by the corrosion. Examination of the
XPS results for these two HEASs (Figure 2-11 (a) and (b)) reveals that oxygen and Zr-
oxides predominantly exist on the surface up to 300 s etch time, and Zr-metal appears
with further etching. The XPS spectra of the O 1s and Zr 3d peaks are indicated in
Figure 2-11 for the 28-day immersed TiTaHfNbZr and TiTaHfMoZr in AS to observe
layer properties on the bulk surfaces. The peak of the O 1s profile as shown in Figure
2-11 (c) is located at 530.6 eV binding energy (BE) for TiTaHfNbZr, and 530.9 eV and
530.6 eV BE are the peaks for 0 s etch time and 900 s etch time of TiTaHfMoZr,
respectively (Figure 2-11(d)). The O 1s peak locations agree well with the depth profiles
(Figure 2-11 (a) and (b)), such that oxygen content prevails on the surface of both
HEASs, and the content decreases going from the surface to deeper into the bulk. The Zr
3d spectra shown in Figure 2-11 have doublet peaks of 3d5/2 and 3d3/2 due to spin-
orbit-split [78], and the energy difference between the doublets is 2.4 eV [79]. Four
doublets (the couples of Zr3d3/2 and Zr3d5/2) have been obtained from the XPS results
that can be attributed to four different types of BE of Zr-metal, Zr-oxide and Zr-sub
oxides as illustrated in Figure 2-11 (e)) [79,80]. The peaks at 178.2 eV and 180.6 eV
binding energy corresponding to Zr 3d5/2 and Zr 3d3/2, respectively, indicate the
presence of metallic Zr (Figure 2-11 (e)), as these peaks are consistent with previously
reported binding energies of metallic Zr are 178.8 eV [81,82] and 177.93 eV [83] for Zr
3d5/2; and 180.33 eV [83] for Zr 3d3/2. On the other hand, 184.0 eV (Zr 3d5/2) and
181.6 eV (Zr 3d3/2) peaks (Figure 2-11 (e)) strongly point out to the existence of oxide
layer formation on the TiTaHfNbZr surface following 28 days immersion in AS. These

peaks are close to the binding energy of ZrO; that has been reported as 184.3 eV and
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181.9 eV corresponding to Zr 3d5/2 and Zr 3d3/2, respectively [84]; and 183.7 eV and
181.3 eV for Zr-oxide (Zr*?) [79], and 186.60 eV [85,86] for ZrO,.
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Figure 2-9: Total ion concentrations of TiTaHfNb, TiTaHfNbZr and TiTaHfMoZr
in SBF and AS following 1, 7, 14 and 28 days of immersion. Note that the total ion
concentration does not include Hf concentration due to its insignificant amount.
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Figure 2-10: Mass change in TiTaHfNb, TiTaHfNbZr, and TiTaHfMoZr samples

following 28 days of immersion in AS and SBF.
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Figure 2-11: XPS depth profiles of (a) TiTaHfNbZr and (b) TiTaHfMoZr; oxygen
peaks of (c) TiTaHfNbZr and (d) TiTaHfMoZr; Zr and ZrO2 peaks of (e) TiTaHfNbZr
and (f) TiTaHfMoZr.
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The relationship between etch time and surface layer properties is presented in
Figure 2-11 (f). The peaks are centered at 182.7 eV BE and 185.1 eV BE that agree with
the oxide layer formation on TiTaHfMoZr surface following 28 days of immersion in
AS, and these peaks are close to the binding energies reported in literature: some studies
reported peak values of Zr-oxide (Zr®*) as 182.6 eV and 185.0 eV [79]; and 182.66 eV
and 185.06 eV [83], corresponding to Zr 3d5/2 and Zr 3d3/2, respectively.
Consequently, the XPS results confirmed the existence of Zr-oxide film on the surface
of the HEAs. Similarly, TiTaHfNbZr and TiTaHfMoZr may maintain the same behavior
in SBF, because there was a mass increase in the materials along with corrosion

following immersion in SBF.
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Figure 2-12: XRD scans of TiTaHfNb, TiTaHfNbZr and TiTaHfMoZr prior to and

following the immersion experiments.
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This passive film formation is supported by XPS results presented in Figure 2.11,
as well as the XRD results provided in Figure 2-12. In particular, the XRD data suggests
that a crystallization process takes place on the sample surfaces upon static immersion
tests. For instance, formation of NaCl crystal structures on TiTaHfNb sample surfaces
upon immersion in SBF were clearly observed in SEM (Figures 2.3 (c) and (d)) and
EDX (Figure 2-4), and the pointed peaks present in Figure 2-12 indicate that these are
new crystal structures that formed on TiTaHfNb. On the other hand, the TiTaHfNbZr
shows lower intensity peaks (Figure 2-12): the Zr addition to TiTaHfNb accelerates the
formation of a passive layer, leading to an amorphous layer. As for the TiTaHfMoZr
HEA, it exhibited higher peak intensity than the TiTaHfNbZr alloy, which can be
attributed to possible Mo precipitation and nonhomogeneous structure of TiTaHfMoZr
(Figures 2-6, 2.7 and 2.8). This passive layer formation on TiTaHfNb, TiTaHfNbZr and
TiTaHfMoZr supported by the current SEM micrographs, ICP-MS results, reported
mass changes, XPS results and the XRD data suggests that these TiTaHf-based HEAS
can sustain long-term corrosion resistance, which, however; should be studied in detail

before drawing any conclusions regarding their biomedical utility.

2.4  Conclusions

Corrosion response of three TiTaHf-based HEAs, namely TiTaHfNDb,
TiTaHfNbZr and TiTaHfMoZr, was inspected employing static immersion experiments
in simulated body fluid (SBF) and artificial saliva (AS) in order to assess the potential
biomedical utility of these alloys. As a result of immersion experiments that were
carried out for periods of 1, 7, 14 and 28 days, the TiTaHfNb HEA was observed to
suffer from pitting corrosion in SBF, while it exhibited a healthier surface following
immersion in AS. The presence of Zr and Nb in the substrates was observed to enhance
corrosion performance with reduced ion release and better surface properties as
evidenced by the results of the TiTaHfNbZr test results. On the contrary, Mo addition
resulted in an inhomogeneous microstructure (TiTaHfMoZr), leading to dendrite
structures and a significant amount of ion release upon immersion in both media. In
addition, XPS and XRD results along with the ICP-MS ion release trends showed that a
passive layer formation or crystallization was present on all HEA surfaces, implying

that corrosion resistance can be sustained in long-term applications. Overall, the set of
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findings presented herein demonstrate the potential of the TiTaHf-based HEAS to be
utilized as implant materials, but also warrant a more detailed analysis of these materials

before drawing any conclusions.
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Chapter 3:
CORROSION BEHAVIOR OF COCRMO MEDIUM ENTROPY
ALLOYS DESIGNED FOR MEDICAL IMPLANTS

3.1 Introduction

Metals are widely preferred materials for the use of implants to repair or support
damaged bone tissue due to their high strength and toughness compared to ceramics and
polymers, and their high elastic modulus with ductility increases the load-bearing
capacity [1-3]. On the other hand, the highly corrosive environment of the human body
deteriorates the metallic implants over time and causes the release of metallic ions into
the body environment. Therefore, corrosion is one of the main problems in metallic
materials since the ion release from an implant into a body environment can cause
adverse biological responses and implant failures [2-5].

Titanium and its alloys, stainless steel and CoCrMo alloys have wide applications
as biomedical implants for orthodontic and orthopedic purposes such as dental skeletal
structures, screws, hip and knee implants [6]. However, the metallic implantable
materials include metals such as Ni, V, Cr, which can cause cytotoxic effects on the host
body. On the other hand, their ability to form a passive layer facilitates corrosion
resistance against the body environment and reduces the amount of ion release into the
body [6]. Therefore, the biocompatibility of a metallic material is mainly established by
the passive oxide layer formation on the metallic surface [7].

However, the protective layer exposed to corrosion deteriorates over time, mainly
based on the degree of corrosion which is affected by some factors such as the thickness
of the passive layer, the composition of an implant, mechanical stresses, and chemical
composition of the surrounding environment [6,7]. Thus, corrosion exists with ion
release from the implantable material to the human body, and it is a significant point
that a passive layer on the implant surface can reduce or eliminate ion release from the
implant by acting as a barrier between the implant and an abrasive body environment
[8].

Moreover, the chemical composition of the surrounding environment influences the
quantity of ion release such that the changes in pH strongly relate to the amount of ion
release from the implant [9]. Throughout the life of the patient, the pH value of
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biological environments can change for various causes such as an infection, surgery,
healing process, and metabolic activities [10,11]. In particular, the pH of oral
environment may vary easily as bacterial activity in dental plaques lowers pH and
alkaline or acidic food consumption negatively affects on pH of oral environment
[9,11], and in a particular case, that pathological diseases can lead extremely acidic
environment with pH = 2.0-3.0 in oral cavity [7,12].

CoCrMo alloys have popular applications as orthopedic and orthodontic implant
materials, such as screws and pins, owing to their high biocompatibility, high strength,
high creep resistance, and lower elastic modulus with addition to high corrosion
resistance [2,4,8,14-16]. Specifically, CoCrMo alloys are known for their excellent
corrosion resistance and biocompatibility properties making them advantageous in
biomedical applications. Co, Cr, and Mo oxides spontaneously form a passive layer on
the CoCrMo surface, and the passive layer formation protects the implant against the
corrosive environment and facilitates biocompatibility of the implant [13,14].

The previous studies on the passivation behavior and corrosion resistance of
CoCrMo under different simulated body conditions have mainly showed that passive
layer formation on CoCrMo alloy establishes excellent corrosion resistance
[2,6,13,14,17]. However, it has been observed that the pH of the environment has
significant effects on corrosion behavior, such that low pH values increase the corrosion
rate as well as passivation layer solubility [2,9].

Besides, many studies confirm that the amount of released ion from CoCrMo is
based on a complex system that does not depend on the weight percentage of the
constituents[2,13,15]. Primarily, Co-release has been observed in higher amounts due to
the selective dissolution of Co from CoCrMo [15,18]. In addition, the least amount of
ions released from CoCrMo was observed to be Cr, such that the chemical composition
of the passive layer on CoCrMo mainly composed of Cr oxides [2,18]. The chromium-
like passivity eliminates high Cr release from the implant, and therefore Cr
concentration in a body maintains stable or with a negligible amount of ion compared to
Co and Mo release into the body [2,13,15].

Consequently, CoCrMo alloys have attracted attention as implantable materials due
to their excellent corrosion resistance and passivation behavior, which can reduce the
effects of corrosion, which is the main problem in metallic biomaterials. This study

investigates on the corrosion behavior of CoCrMo against an extremely acidic oral
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environment (pH=2.3) and simulated body fluid conditions (pH=7.4) at 37°C in order to

evaluate the biocompatibility of CoCrMo under the corrosive body environment.

3.2  Experimental Procedures

The study was performed with CoCrMo alloy with a chemical composition of 27
wt.% Cr, 6 wt.% Mo, and balance Co (wt.%), with 99.9 wt.% purity. The disc-shaped
CoCrMo alloy has a diameter of 50.1 mm and a thickness of 6.1 mm, and the disc-
shaped alloy was cut by electrical discharge machining (EDM) to obtain 10 mm x 5 mm
x 1 mm bulk samples. The sample surfaces were mechanically ground using SiC emery
papers with grain sizes ranging from 106 to 2.5 um to eliminate any contaminations on
the samples (with only negligible change in the thickness of the samples). The samples
were polished with 0.30 pum alumina slurry until the surfaces reach to mirror-like
appearance, then the samples were cleaned in an ultrasonic water bath with ethanol and
rinsed with de-ionized water. After the sample preparation, the bulk samples were
statically immersed into AS (pH=2.3) and SBF (pH=7.4) for 1, 7, 14 and 28 days, and
the elemental composition of SBF and AS was shown in Table 3-1 [19]. The immersion
test was carried out at a constant temperature of 37 °C in an electronically controlled
water bath to simulate body temperature. The bulk samples were transferred to sealed
tubes which were filled with AS and SBF according to a volume per surface area ratio
of 20 mL/cm? [20]. Mass change in each sample was recorded to observe mass gain or
loss after the immersion test. Microstructural characterization of CoCrMo alloy was
done by X-ray diffraction (XRD) method on a Bruker D2 Advanced X-ray
diffractometer. The incidence angle was kept at about 5° with a Cu-Ka radiation source
which was operated at 30 kV and 10 mA, and the acquisition angle ranged from 5° to
90° with 0.02° increment.

The surface morphology of the bulk samples has been analyzed by a Zeiss Ultra
Plus field emission scanning electron microscope (SEM) before and after the immersion
test. Elemental compositions of the immersion solutions after the immersion test were
detected by an Agilent 7700x inductively coupled plasma mass spectrometer (ICP-MS)
to observe ion release from the immersed samples for the following 1,7,14,28 days.
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Table 3-1: Composition of the AS and SBF utilized in the static immersion
experiments.

Solution Ingredients Amount pH
(9/L)

NaCl 0.4
KCI 0.4

AS CaCl, . 2H20 0.906
NaH2P04.2H20 0.69 2.3
Na2S.9H20 0.005
Urea 1
NaCl 8.036
NaHCOs 0.352
KCL 0.225
K2HPO4.3H20 0.23

SBF MgCl2.6H.0 0.311 74
1M HCL 40 mL
CaCl; . 2H20 0.293
Na2SO4 0.072
TRIS 6.063
1M HCL 0.2 ml

3.3  Results and Discussion

The surface characteristics of the bulk CoCrMo alloys were investigated before and
after the immersion test by SEM in order to observe degradations on the surfaces
following their immersion in AS and SBF for 1, 7, 14, 28 days. As illustrated in Figure
3-1, there is no significant difference in the surface appearance of CoCrMo samples
before and after the immersion tests that CoCrMo had a smooth surface and no localized
corrosion in both of AS and SBF after 28 days immersion. On the other hand, ICP-MS
results indicate a significant amount of ionization from the CoCrMo samples during the
immersion tests in AS and SBF. According to ICP-MS results that are shown in Figure

3-2, the rate of increase in ion release is higher in the early stages of the immersion
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tests. As illustrated in Figure 3-2, the highest amount of Co, Cr, and Mo release was
observed at the end of the first day in AS and SBF, and the quantity of released Co, Cr
and Mo increases with a slower rate after the 7" day in AS and SBF.

Particularly, as illustrated in Figure 3-2 the quantity of released Co ions from
CoCrMo is the highest in AS and SBF while the lowest quantity of released ions is Cr
after the immersion tests in AS and SBF that can be attributed to the higher solubility of
an oxide layer of Co [2]. Besides, negligible change in the amount of Cr release from
CoCrMo has been observed during the immersion tests in AS and SBF (Figure 3-2 (b)).
The negligible change in the amount of Cr release from CoCrMo to AS and SBF in the
following days suggests chromium-like passivity on CoCrMo surface that the oxide film
of Cr governs the total ion release in AS and SBF [2]. On the other hand, as can be seen
in Figure 3-2 that the less amount of Cr release has occurred in SBF than AS, which can
be attributed to the higher passivation ability of CoCrMo in SBF. Moreover, according
to ICP-MS results (Figure 3-2), CoCrMo alloy exhibits complex ionization systems
without depending on the quantity of elemental composition. To illustrate, Cr is the
second most plentiful constituent in CoCrMo, however, Cr dissolved from CoCrMo in
the least amount. Consequently, Co preferentially released from CoCrMo and the
mechanism behind the amount of ion release is controlled by a more complex system
[2,13,15,21,22].

Moreover, the amount of ion release has been affected by the pH of the solution.
According to ICP-MS results (Figure 3-2), the total ion release is much higher in AS
than in SBF owing to the low pH of AS (Figure 3-2 (a)(b)(c)). lllustrated in Figure 3-2
that Co and Cr have almost 4 and 32 times more ion release in AS than SBF, while the
amount of Mo release in AS (pH=2.3) and SBF (pH=7.4) has a slight difference. The
amount of Mo ion release is not significantly affected by low pH as opposite to Co and
Cr since Mo oxides are more stable in acidic solutions as discussed in the literature
[2,23].

On the other hand, some white particles have been observed on the bulk surface of
CoCrMo after 28 days in SBF (in Figure 3-1 (d)). The white particles were analyzed by
EDX as can be seen in Figure 3-3 that CaO precipitates were detected on the CoCrMo
surface after 28 days in SBF. Besides, Ca?* incorporation on the bulk CoCrMo surface
supports bone-like hydroxyapatite formation and osseointegration process by facilitating

the interaction between the implant and bone tissue [24—26]. Addition to Ca?*
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concentration of SBF, some ions in SBF such as HPO4? and COs? enhance apatite
deposition on CoCrMo [24,27,28].

Moreover, hydroxyapatite formation has been observed by the results obtained
from the XPS analysis. As can be seen in Figure 3-4, the XPS results indicate to
hydroxyapatite depositions and oxide layer formation on the CoCrMo bulk samples
after the immersion tests in AS and SBF for the following 28 days. The XPS spectrum
of O1 s shows OH", 0% and H20 formations on the CoCrMo samples in AS and SBF
after 28-days (Figure 3-4(a)(b)). Besides, it is illustrated in Figure 3-4 (c)(d) that
hydroxyapatite formation on CoCrMo has been supported by the peaks of Ca 2p3/2 and
2p1/2, and 350.5 eV binding energy of CaCOgz, and P 2d peaks that are located at the
average of 133.5 eV binding energy as obtained by the XPS results [29].

Moreover, Figure 3-5 illustrates the peaks of Cr 2d that are located at 573.5 eV,
574.6 eV, 576.8 eV for AS; and Figure 3-6 shows 573.7 eV, 574.6 eV, 576.2 eV
binding energies for SBF, that the binding energies represent metallic Cr, carbide-like
formations (C-Cr) and Cr3* oxide respectively [13,22,30,31] for AS and SBF.
Moreover, XPS results revealed that the passive layer on CoCrMo consists of Mo
oxides in AS and SBF (Figure 3-5 and Figure 3-6). The peaks of Mo? and Mo** oxides
are located at 227.3 eV, 230.8eV and 230.0 eV binding energies respectively for AS
(Figure 3-5(b)) , and Ma® with 227.2 eV, Mo*" with 230.2 eV, Mo®" with 233.2 eV
binding energies exist for the CoCrMo in SBF (Figure 3-6 (c)) [13,22,30]. On the other
hand, Co-oxides have been observed for the samples immersed in SBF as illustrated in
Figure 3-6 (c).

In other words, AS and SBF create a convenient environment for hosting both the
CoCrMo implant and the human tissue with facilitating the osseointegration process by
bone-like apatite formation and passive oxide layer. Moreover, the mass of the CoCrMo
samples increases with time despite the loss of ions from CoCrMo as illustrated in
Figure 3-4. Therefore, it can be said that the passive layer and hydroxyapatite
formations cause mass gain after the immersion tests in AS and SBF.

Overall, CoCrMo alloy exhibits high biocompatibility and shows promising results
in order to use in dental and orthopedic applications. The passive layer with bone-like
appetite formations on CoCrMo protects the CoCrMo alloy against the corrosive
environment, even in the extremely acidic environment of AS without significant

degradation. It is noteworthy that hydroxyapatite formation was detected after 28 days
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of immersion in AS and SBF, such that CoCrMo alloy can able to enhance the binding
between CoCrMo implant and a human tissue by osseointegration process. The findings
indicate the high potential of CoCrMo which provides excellent corrosion resistance
and biocompatibility.

(a)

Figure 3-1: The SEM images of (a) the untested CoCrMo, (b) the bulk CoCrMo
sample surface following immersion in AS for 28 days, (c) (d) the bulk CoCrMo
sample surfaces following immersion in SBF for 28 days
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Figure 3-4 XPS depth profiles of; (a)(c) CoCrMo in AS for following 28-day
immersion, (b) (c) CoCrMo in SBF for following 28-day immersion
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Figure 3-5: XPS depth profile of CoCrMo in AS after 28-days immersion test; (a)
Cr2p Profile, (b) Mo3d Profile

54



Corrosion Behavior of CoCrMo Medium Entropy Alloys Designed for Medical
Implants 55

(a) Co2p3 Snap

Co (Metal)
778.0 eV

Co (Oxide)

Co (Oxide)  '80-5¢V

782.8 eV

787 782 777 772
Binding Energy (eV)

(b) Cr2p Snap S

“\
,’ Cr?
Cr (Carbide-like} S73.7 eV
Cr 2p1/2 574.6 eV /
2 /

Cr3* Oxide
576.2 eV

-

583 578 573 568
Binding Energy (eV)

(c) Mo3d Snap

Mof* Oxide
233.2 eV

xr—y xxxrwxx

241 236 231 226 221
Binding Energy (eV)

Figure 3-6: XPS depth profile of CoCrMo in SBF after 28-days immersion test; (a)
Co2p3 Profile, (b) Cr2p Profile , (c) Mo3d Profile

55



Corrosion Behavior of CoCrMo Medium Entropy Alloys Designed for Medical
Implants 56

CoCrMo Mass Change

0.003
C
/2]
@ 0.002
£
£
Q
20.001 &AS
K=
© @SBF
0
0 7 14 21 28

Days
Figure 3-7: Mass Change in CoCrMo during the immersion tests in AS and SBF

3.4  Conclusions

The corrosion behavior of CoCrMo alloy was studied by static immersion
experiments in artificial saliva (AS) and simulated body fluid (SBF) at 37°C for 1, 7, 14
and 28 days. Overall, CoCrMo shows excellent biocompatibility in both AS and SBF.
On the other hand, CoCrMo alloy showed better corrosion resistance in SBF, such that
the lower quantity of ion release was observed, and the low pH of AS increases the
amount of ion release. Besides, it can be concluded that the chromium-like passivation
layer on CoCrMo protects the implant from the corrosive environment of AS and SBF,
and less ionization from SBF can be attributed to higher pH and thicker chromium-like
passivation layer than that on AS.

Consequently, CoCrMo alloy is an advantageous metallic material in biomedical
applications due to excellent corrosion resistance and the ability to form a passive layer
and hydroxyapatites. However, ionization from CoCrMo alloy in very acidic
environments ( pH=2.0-3.0) is so high, therefore the corrosion resistance of CoCrMo in

low pH solutions should be improved in further studies.
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Chapter 4:
FRACTURE BEHAVIOR OF NOVEL BIOMEDICAL TITAHF-
BASED HIGH ENTROPY ALLOYS UNDER IMPACT LOADING

4.1 Introduction

Metallic materials are extensively used in biomedical applications to support failed
tissue in orthodontic and orthopedic applications owing to their superior mechanical
properties [1-4]. As compared to other biomedical metallic materials, such as stainless
steel and Co-based alloys, Ti-based alloys have attracted considerable attention owing
to their excellent biocompatibility combined with high strength, good corrosion and
wear resistance, and relatively lower elastic modulus [2,5-7]. The Ti-6Al-4V alloy has
been used as a common Ti-based biomedical material, however some concerns on
toxicity and mechanical biocompatibility have led to the search for alternative materials
[8-10]. In particular, Ti-6Al-4V contains V and Al that can damage the nervous system
if released into blood stream in long term applications, and elastic modulus mismatch
between the bone and the Ti-6Al-4V implant can lead to tissue loss, implant loosening
and prostheses failure [3,5,11-17]. Therefore, nontoxic alloys with a low elastic
modulus have been developed to obtain enhanced biocompatibility, including Ti-6Al-
7NDb, Ti-15Mo-3Nb, Ti-13Nb-13Zr, Ti-15Sn-4Nb-2Ta-0.2Pd, Ti-16Nb-10Hf, and Ti-
Nb-Ta-Zr (TNTZ) system alloys, such as Ti—35.3Nb-5.1Ta-7.1Zr and Ti—29Nb-13Ta—
4.6Zr [10,18-24]. Among these alloys, the TNTZ alloys stand out since all their
constituent elements exhibit biocompatibility individually, and the alloys possess lower
elastic modulus as compared to the Ti-6Al-4V alloy, resulting in improved fatigue and
fracture characteristics [25-27].

Fracture is an important consideration for implant materials, and it is strongly
influenced by the microstructure [28-30]. Main concerns regarding the fracture of the
implants revolve around the defects in the design and manufacturing process, non-
passive fit of the superstructure leading to unstable forces within implant-bone
interfaces, and biomechanical and physiological load factors [28,29,31]. Despite
definitely having an influence, material defects such as porosity are not main causes of
fracture, yet the loading usually dictates quite significantly [28,29,32]. Therefore, a non-

passive fit may create an extra stress on an implant and bone, facilitating implant
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fracture [29,33]. Moreover, an adequate prosthesis design is a requirement to eliminate
undesirable forces, and obtain effective durability under irregular loading [28,29]. Thus,
an implantable material must be ideally ductile to be easily formed according to the
desired design of an implant, and at the same time, rigid enough to withstand applied
loading. Consequently, implant materials should satisfy specific requirements such as
high corrosion resistance, high toughness and fracture resistance to withstand possible
degradation in aggressive environments and irregular loading that might be inevitable
due to specific movements of the human body [4,6,7].

While numerous studies have been carried to develop conventional biomedical
alloys with microstructures to satisfy the aforementioned demands, a new class of
metallic materials, namely the high entropy alloys (HEAS), have emerged recently
[34,35], some of which also constitute ideal candidates for utility in biomedical
applications. The HEAs have exceptional mechanical properties such as high strength
and toughness [36-46], excellent corrosion resistance [46-48], high fracture toughness
[49,50] and high thermal stability [38,46,51] brought about by their multi-principal
elements leading to a high configurational entropy and thereby forming a single stable
solid phase [37,47,52]. Indeed, certain HEASs exhibit good biocompatibility owing to
their high corrosion resistance and protective oxide layer formation on the surface in
aggressive environments [53-58].

In an effort to enhance the mechanical compatibility with the bone tissue, several
HEAs with body centered cubic (BCC) structures have been developed containing early
transition elements such as Ti, Hf, Nb, Zr, Mo and Ta in order to obtain high strength
and ductility, low modulus, improved fracture resistance and hardness, and thereby
eliminate problems due to the loss of the bone integrity that can cause sudden failure of
an implant, and mechanical insufficiencies during service life [29,30,59-61]. The newly
developed HEAs that consist of the early transition elements such as TiNbTaZrMo
[26,60,62] showed excellent biocompatibility as compared to pure Ti and the Ti-6Al-4V
alloy, and superior mechanical properties such as high strength and high workability
have been obtained in HEAs such as TaNbHfZrTi that contain transition elements
[43,59,60,63-67]. Moreover, some studies on HfNbTaTiZr, HfMoTaTiZr and
HfMoNbTaTiZr systems revealed their high strength and ductility with relatively low
elastic modulus [59,68,69] that seem promising due to their non-toxic compositions.
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Based on previous promising results reported on HEAs based on early transition
elements, we developed three derivatives of TiTaHf-based HEAs, namely TiTaHfNDb,
TiTaHfNb and TiTaHfMoZr, which contain only non-toxic transition elements. Despite
the fact that a few previous studies evaluated TiTaHfNb-based HEAs [62—65,68-70],
there is a lack of information about their fracture mechanisms in the case of a sudden
failure, such as under impact loading, which is very much relevant to their utility as
implants. In order to fill this gap and help evaluating the potential of these selected
TiTaHf-based HEASs as implant materials from a mechanics point of view, we focused
on the mechanical properties and qualitative evaluations of fracture response of the
BCC structured TiTaHfNb, TiTaHfNbZr, and TiTaHfMoZr HEAs at 298 K under
impact loading. With this purpose, TiTaHfNb, TiTaHfNbZr and TiTaHfMoZr HEA
samples were subjected to Charpy impact and nano-indentation tests, and thorough pre-
and post-mortem microstructure analysis was performed utilizing X-ray diffraction and
scanning electron microscopy analyses. The findings presented in this paper show that
TiTaHfNb, TiTaHfNbZr, and TiTaHfMoZr HEAs have good mechanical properties and
significant fracture resistance. Specifically, the TiTaHfNb alloy exhibited superior
fracture toughness, and addition of Zr and Mo decreased the energy absorption capacity
of the TiTaHf-based HEA system. In addition, while the TiTaHfNb exhibited mostly
ductile behavior, the TiTaHfNbZr HEA exhibited brittle and ductile regions evidencing
a mixed fracture mode. Overall, the current findings indicate that these three TiTaHf-
based HEASs exhibit promising mechanical response for utility in implant applications,

warranting further elaboration on their mechanical and biocompatible response.

4.2  Experimental Procedures

In this study, HEAs with a purity of 99.9% were produced by arc melting: the
TiTaHfNb HEA was composed of 50 wt.% Ti, 16.67 wt.% Ta, 16.67 wt.% Hf and 16.67
wt.% Nb, whereas TiTaHfNbZr and TiTaHfMoZr compositions were equimolar. The
disc-shaped multi-component alloys with a diameter of 50.1 mm and a thickness of 6.1
mm were cut by an electrical discharge machine (EDM) to obtain 10 mm x 5 mm x 1
mm bulk samples, and 45 mm x 6 mm x 3 mm impact test samples with a 1 mm deep
notch at the center. It should be noted that dimensions of the VV-notch specimens utilized

in the impact tests were adjusted to our test equipment in accord with the Charpy Impact
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test standards [71]. Charpy impact test, also known as the Charpy V-Notch test (CVN),
was performed on the three aforementioned HEASs at 298 K utilizing a TERCO MT3016
Impact Tester with a 30 J capacity, followed by an analysis of fracture surface of the
samples carried out on a Zeiss Ultra Plus field emission scanning electron microscope
(SEM).

The surfaces of the bulk samples were mechanically ground with SiC emery papers
with coarseness ranging from 106 to 2.5 um, then polished with 0.30 pm alumina slurry
to reach mirror-like appearance, and the bulk samples were cleaned ultrasonically with
ethanol and rinsed with de-ionized water. Following the polishing/cleaning procedure,
crystallographic characterization of the samples was carried out by X-ray diffraction
(XRD) method on a Bruker D2 Advanced X-ray diffractometer using a Cu-Ka radiation
source. The XRD was operated at 30 kV and 10 mA with an incidence angle of 5°, and
the scanning region ranged from 5° to 90° with a 0.02° increment.

Mechanical characterization of the bulk HEAs was accomplished by nano-
indentation tests that were carried out on Agilent G200 tester with Berkovich type
indenter in load-control mode at a maximum applied load of 300 mN. Each indentation
test was performed under a loading/unloading rate of 30 mN with a 10 s hold time at

maximum load before unloading.

4.3  Results and Discussion

The initial microstructural characterization of single-phase TiTaHfNb, TiTaHfNbZr
and TiTaHfMoZr HEAs was carried out with XRD, where the experimental lattice
parameters and the corresponding peak values were calculated using Bragg’s Law
(Figure 4-1). The results confirmed that the TiTaHfNb, TiTaHfNbZr and TiTaHfMoZr
HEAs have a BCC structure, and the lattice parameters are 3.329 A, 3.340 A, and 3.362
A, respectively. These three HEASs are newly developed and there is a very limited
number of studies on their properties, however the peak values and the lattice
parameters are consistent with the literature [43,59,72-75]. Moreover, Young’s moduli
of TiTaHfNb, TiTaHfNbZr and TiTaHfMoZr were measured by nano-indentation and
determined as 112.2 GPa, 131.6 GPa and 158.9 GPa, respectively. Even though these
values are still far from that of the bone which is about 30 GPa [11,76], they are still

significantly lower than those of commonly utilized biomaterials such as 316 L stainless
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steel and Co-based alloys with elastic moduli within 180-210 GPa range [11], offering
an enhancement in terms of mechanical compatibility with the bone.

The corresponding hardnesses were measured as 3.5 GPa for TiTaHfNb, 6.5 GPa
for TiTaHfNbZr, and 6.6 GPa for TiTaHfMoZr. In Figure 4-2, stress and strain graphs
from nano-indentation tests are provided. Accordingly, the TiTaHfNb HEA exhibits
higher plastic strains at fracture, and TiTaHfNbZr and TiTaHfMoZr HEAs
demonstrated less ductility. Consequently, it is clear that addition of Mo decreases the
hardness and increases the elastic modulus: hardnesses of TiTaHfNbZr and
TiTaHfMoZr HEAs are almost twice that of the TiTaHfNb HEA, and the greater

difference can be attributed to solid solution strengthening [77].
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Figure 4-1: XRD results of (a) TiTaHfNb, (b) TiTaHfNbZr, and (c) TiTaHfMoZr
HEAs.
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Figure 4-2: Load vs Displacement data for TiTaHfNb, TiTaHfNbZr, TiTaHfMoZr
HEASs as obtained by nano-indentation tests.

CVN experiments were performed in order to assess the energy absorption
capacities of TiTaHfNb, TiTaHfNbZr and TiTaHfMoZr HEAs. As illustrated in Figure
4-3, contrary to typical behavior, the TiTaHfNb sample was not completely broken into
pieces, and the test was repeated to ensure that the observed response was not sample
specific. The impact energy was measured as 14.7 J and 14.9 J in these two CVN tests
of TiTaHfNb. On the other hand, significantly lower impact energy values were
exhibited by TiTaHfNbZr and TiTaHfMoZr HEAs, namely 0.25 Jand 0.1 J,
respectively. Following the CVN experiments, fracture surfaces of TiTaHfNDb,
TiTaHfNbZr and TiTaHfMoZr were analyzed with SEM. The corresponding SEM
micrographs from the limited inspection area of TiTaHfNb HEA (Figure 4-4(a))
indicate evidence of ductile behavior, namely a significant tearing pattern, and a
predominately cup-and-cone type of fracture surface is evident (Figure 4-4(b)). On the
other hand, a closer look at the tearing patterns (Figure 4-4(c)) reveals flat surfaces with
chevron marks (Figure 4-4(d)) and cleavage facets (Figure 4-4(e)). Consequently, both
ductile and brittle fracture modes are active in the TiTaHfNb HEA, as evidence by the

coexistence of cup-and-cone structures and shiny fracture zones with cleavage facets.
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Figure 4-3: The CVN test samples of (a) TiTaHfNb, (b) TiTaHfNbZr, and (c)
TiTaHfMoZr HEAs following the experiment; (d) representative untested CVN test
sample. The scale provided in the figure is in cm.
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Figure 4-4: SEM micrographs of TiTaHfNb HEA fracture surface: (a) limited
inspection area, (b) tearing patterns, and cup-and-cone structures, (c) tearing region, (d)
flat surface with Chevron marks (red lines), and (e) overview of cleavage surface (red
circle).

In comparison to the TiTaHfNb HEA, the TiTaHfNbZr alloy exhibits a more
complicated fracture surface with coexisting slant and flat regions, where both bull and
shiny surface zones can be seen (Figure 4-5). In particular, small and shiny angular
facets form in a rock-candy like texture (Figure 4-5(a)), which can be attributed to
intergranular crack formations along the grain boundaries (Figures 4-5(b) and (c)).

Moreover, Chevron marks and river patterns observed on the fracture surface with
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cavity formations (Figure 4-5(b)) mainly result from brittle fracture: the red lines in
Figure 4-5(b) represent the propagation path of chevron marks that point at the crack
origin, and the blue lines highlight the river lines and cleavage surfaces near the region
that has elongated dimples. Figure 4-5(c) demonstrates the significant differences in the
fracture patterns on TiTaHfNbZr, such that there is a transition zone formation with
ladder like structures between the smooth (left) and the non-smooth (right) regions.
Indeed, a closer look at the Figure 4-5(d) reveals that while river like patterns and
striations can be observed in the transition zone, elongated dimples constitute evidence
of shear forces acting on the material during fracture. The fracture surface contains
brittle and ductile zones throughout the fracture surface (Figure 4-5(¢)), a closer look at
the regions reveals tilt and twist formation on the cleavage zone (Figure 4-5 (g)) and
small dimples around the grain boundaries (Figure 4-5 (h)), as well as equiaxed dimples
(Figure 4-5 (f)). Accordingly, despite the fact that the fracture surface of the
TiTaHfNbZr HEA is dominated by cleavage, ductile regions are evident, including
elongated dimples due to tearing process and shear forces. Thus, one can conclude that
the TiTaHfNbZr HEA also fractures on a mixed fracture mode under impact loading,
with brittle mode dominating.

In the case of the TiTaHfMoZr HEA, mainly flat facets with river patterns and
chevron marks can be observed on the fracture surface (Figure 4-6). Moreover, both
intercrystalline and transcrystalline fracture are facilitated with limited crack
propagation (Figures 4-6(a), (b) and (c)). Tongue formation which is a result of small
scale height elevations as can be seen in Figure 4-6(b), which can be attributed to
twinning mechanism [78], and the twin boundary fracture [79] may lead to the
formation of yellow-dashed-line region in Figure 4-6(c). In addition, the ladder-like
formations (Figures 4-6(c) and (d)) due to cleavage fracture, and striations that are
directed gradually along shear forces (Figure 4-6 (e)) indicate rapid fracture. Therefore,
cleavage fracture dominates the fracture surface of the TiTaHfMoZr HEA, and the
material exhibits a much more brittle behavior than TiTaHfNb and TiTaHfNbZr with
the lowest impact energy of 0.1 J.

The CVN experiments and the corresponding microstructural analyses
demonstrated that modifications made to the elemental compositions of TiTaHf-based
HEA:s significantly influence the fracture behavior. Specifically, addition of Zr to

TiTaHfNDb significantly decreased the impact energy and enhanced the brittleness,
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where the impact energy decreased down to 0.25 J from an average of 14.8 J. Yet the
lowest energy absorption capacity was observed in the case of TiTaHfMoZr HEA,
namely 0.1 J, and this alloy also exhibited the most brittle response. This can be
attributed to multiple phase formations facilitated by Mo addition (Figures 4-7 (a) and
(b)). The corresponding EDX analyses revealed that a non-homogenous microstructure
with dendritic and interdendritic regions are present, as evidenced by Ta-rich and Zr-
rich, compositions, respectively. On the other hand, TiTaHfNbZr HEA exhibits strictly
defined fracture regions of brittle and ductile nature, which coexist (Figure 4-5). An
EDX analysis revealed that the constituents of TiTaHfNbZr are homogenously
dispersed in the microstructure (Figures 4-7 (c) and (d)). Therefore, some dislocation

behavior may be the reason behind its mixed fracture mode.
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Figure 4-5: SEM micrographs of the fracture surface of TiTaHfNbZr HEA: (a)
rock-candy like surface, (b) inter-crystalline structures, river patterns and ladder like
structures, and red lines represent chevron marks propagation, and blue circles indicate
cavity formations; (c) smooth and rough regions are coexistent where the red boundary
represents transition zone; (d) close-up view of the transition zone and the rough
surface, with river patterns and elongated dimples, respectively, (e) coexisting ductile
and brittle zones, (f) elongated dimples, (g) cleavage zone with twist and tilt structures,

(h) close-up view of dimples along grain boundaries, and nano-pores.
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Figure 4-6: SEM micrographs of fracture surface of TiTaHfMoZr HEA: (a) blue
arrows indicate intergranular and transgranular fracture, (b) tongues and river patterns,
where the blue arrow indicates transgranular fracture, (c) twin boundary fracture,
ladder-like structures, and intergranular fracture, (d) cleavage surface, and (e) striations

directed along shear.
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Figure 4-7: EDX results showing (a) nonhomogenous surface of the as-received
TiTaHfMoZr, and (b) the corresponding elemental mapping where the green regions
represent Ta-rich areas, and red regions represent Zr-rich areas; (c) the as-received
homogenous surface of TiTaHfNbZr, and (d) the corresponding elemental mapping.

4.4  Conclusion

Fracture response of three TiTaHf-based high-entropy alloys (HEAS), namely
TiTaHfNb, TiTaHfNbZr and TiTaHfMoZr alloys was investigated employing Charpy
impact tests at 298 K. The experimental findings revealed that the TiTaHfNb HEA has
the highest energy absorption capacity and exhibits a more ductile behavior as
compared to the TiTaHfNbZr and TiTaHfMoZr HEAs. The presence of Zr in the
substrates led to a decrease in impact energy, and the TiTaHfNbZr showed mixed
fracture characteristics with predominantly brittle behavior. Moreover, Mo addition
resulted in an inhomogeneous microstructure (TiTaHfMoZr), leading to dendrite
formation and significant decrease in energy absorption capacity, and cleavage surfaces
and quasi cleavage structures were evident upon brittle fracture of this HEA. Overall,
the findings reported herein not only demonstrate the potential of the TiTaHf-based
HEAs to be utilized as implant materials, but also warrant further investigation of their

mechanical response and biocompatibility prior to their utility in medical applications.
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Chapter 5:
FRACTURE BEHAVIOR AND MECHANICAL PROPERTIES OF
COCRMO MEDIUM ENTROPY ALLOYS DESIGNED FOR
MEDICAL IMPLANTS

5.1 Introduction

CoCrMo alloys have promising biological and mechanical properties that provide
advantageous usage in mainly dental applications and hard tissue replacements. While
an aggressive environment of human fluids threatens to chemical biocompatibility,
mechanical integrity must be considered, such that parafunctional and cyclic loadings
exist during the lifetime of an implant.

In this chapter, mechanical properties and fracture behavior of CoCrMo have been
investigated under an impact loading. It was mainly observed that CoCrMo has high
hardness and high Young’s modulus as compared to traditionally used biomaterials.
Moreover, CoCrMo showed mainly brittle fracture mode, yet some plastic response has
been observed at the last stages of the fracture. Consequently, CoCrMo alloys show
good mechanical properties, however, higher Young’s modulus than that of bone can

lead to stress shielding effect, and loss of prosthesis in long term applications.

5.2  Experimental Procedures

CoCrMo alloy with a chemical composition of 27 wt.% Cr, 6 wt.% Mo, and
balance wt.% Co with a purity of 99.9% was produced by arc melting as a disc-shaped
alloy with a diameter of 50.1 mm and a thickness of 6.1 mm, and the disc-shaped alloy
was cut by an electrical discharge machine (EDM) to extract 10x 5 x 1mm bulk samples
for mechanical characterization, and 45mm x 6mm x 3mm sample with a 1mm deep
notch at the center for Charpy impact test. Charpy impact energy was measured by
employing TERCO MT3016 Impact Tester with a 30 J capacity at 298 K. Itis the
important point that the size of the impact sample was optimized to the impact tester
according to Charpy impact test standards [1].

The contaminations on the bulk surfaces were eliminated by mechanically grinding
with SiC emerge papers from 106 to 2.5 um, consequently polishing with 0.30 pum
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alumina slurry in order to obtain surfaces without oxide layer and contaminations. The
bulk samples were cleaned with ethanol in an ultrasonic water bath and rinsed with de-
ionized water. Mechanical properties of each of the polished samples were evaluated by
nano-indentation tests that were performed on Agilent G200 tester with Berkovich type
indenter in a load-control mode at a loading/unloading rate of 30 mN with a maximum
load of 300 mN, and a 10 s holding time at the maximum load. The fracture surface
morphologies were investigated by a Zeiss Ultra Plus field emission scanning electron
microscope (SEM), and energy- dispersive spectrometry (EDS).

5.3  Results and Discussion

Charpy impact test was employed to observe energy absorption capacity, and
CoCrMo absorbed 6.5 J energy during its fracture. After the impact test, fracture surface
properties of the CoCrMo alloy were examined by SEM. Fracture patterns indicate to
mixed fracture mode of CoCrMo alloy at 298 K. As illustrated in Figure 5-1 (a)
cleavage surface properties with dimple-like regions lead to quasi cleavage regions [1]
and mixed-mode fracture. A closer look at the region (b) in Figure 5-1 (a) reveals a
rapid fracture surface with dimpled areas and the effects of shear forces as can be
evidenced by elongated and shallow dimples (Figure 5-1 (b)). Some of the dimpled
regions were shown in Figure 5-1 (a) in red squares, and dimple-like structures take
place together with the brittle surface features. Dimpled regions around the brittle
regions indicate predominantly brittle behavior with few ductile features in the
microstructure.

In Figure 5-1 (c), brittle surface characteristics have been observed with differently
oriented striations which were shown with yellow arrows. While the left side of the
SEM micrograph in Figure 5-1 (c) mostly exhibits brittle featured surfaces with well-
developed river patterns and radial striations, the right side of Figure 5-1 (c) has more
ductile features with slant surfaces and dimpled regions.

The red squared region in Figure 5-1 (c) acts as a transition region between the flat
and the slant surfaces, and Figure 5-1 (d) shows a closer look at the transition region. A
closer look at Figure 5-1 (d) shows chevron marks, radial striations and river patterns
that are shown with yellow arrows, and elongated dimples. As illustrated in Figure 5-1

(d), striations predominantly exist as evidence of brittle behavior on the fracture surface.
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However, there are some indications on plastic behavior such that the micro-void
formations which are illustrated with white arrows in Figure 5-1 (d)(e) (f) have been
observed around the dimpled regions, and the micro-voids coalescence occurred by
plastic deformation at the last step of the fracture [2]. In addition to microvoids, deeper
cavity formations have been observed in dimpled regions, and some cavities occurred
around the elongated dimples which are resulted by shear forces (Figure 5-1 (c)(d)(e)).
Moreover, secondary crack formations are illustrated in Figure 5-1 (a)(d)(e)(f) by green
arrows that can be attributed to excessive plastic deformation which causes crack
initiation and nucleation [2].

Moreover, promising plastic deformation has been observed from the
nanoindentation results as can be seen in Figure 5-2 (a). According to results, CoCrMo
alloy exhibits a high hardness of 5 GPa and Young’s modulus of 262.7 GPa than that of
traditional alloys, and the findings are compatible with the literature [3,4]. When
compared to the CoCrMo alloy to other popular metallic biomaterials such as Ti and Ti-
6Al-4V, it can be seen that CoCrMo shows greater plasticity, higher hardness and
Young’s modulus among them. Besides, the hardness of CoCrMo alloy decreases with
deeper penetration into the CoCrMo surface as can be seen in Figure 5-2 (b) that shows
the softening behavior of CoCrMo at 298K. The softening behavior of CoCrMo alloy
can be advantageous in the machining process in high strain rates.

Consequently, CoCrMo alloy absorbed 6.5 J energy during the impact test, and
brittle behavior was observed as the main fracture mode. On the other hand, some
ductile properties have been observed by dimpled regions, and some deep cavities were
also observed due to tearing and rupture processes. Moreover, the elastic modulus of
CoCrMo is much higher than the bone’s elastic modulus of approximately 30 GPa,
which can lead to implant failures in long term applications due to elastic modulus
mismatch [3,5-8].
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Figure 5-1: SEM micrographs of CoCrMo fracture surface, a) Quasi-cleavage
surface, and secondary cracks that are represented by green arrows; b) Elongated
dimples and micro dimples; ¢) Cleavage surfaces with striations that are represented by
yellow arrow, and ductile regions that are represented by blue circles, and transition
region that is represented by red square; d) Flat surface with chevron marks, and
striations (Yellow Lines), dimples, cavity formations, micro-voids that are represented
by white arrows, and secondary cracks that are represented by green arrows; €)
Elongated dimples, and cage-like striations (yellow arrows), and secondary cracks that
are represented by green arrows; f) Quasi cleavage surface with secondary cracks that

are represented by green arrows
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Figure 5-2: Nanoindentation results of CoCrMo tested with a Berkovich Indenter,
(a) Load — Displacement curve of CoCrMo with the maximum load of 300 mN, (b)
Hardness-Displacement curve of CoCrMo

5.4  Conclusion

The fracture surface of CoCrMo alloy has been examined by Charpy impact test in
order to evaluate the fracture behavior of CoCrMo under sudden loading. Cleavage
surface properties and dimpled regions were mainly observed together on the fracture
surface of CoCrMo, such that quasi-cleavage behavior was indicated. On the other
hand, brittle regions were predominantly observed on the fracture surface of CoCrMo
with river patterns and chevron marks. In addition to brittle regions, dimples have been
observed and they provide ductility to CoCrMo.

Overall, CoCrMo alloy has high hardness and shows mainly brittle fracture
behavior under an impact loading with some plasticity at the last stages of fracture. On
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the other hand, higher Young’s modulus of CoCrMo can lead to mechanical
incompatibility. Consequently, CoCrMo shows satisfactory mechanical properties such
as high strain capacity to use as an implant however investigations should be continued
to obtain low-modulus Co-based alloys.

5.5 References

[1] J. Anburaj, S.S.M. Nazirudeen, R. Narayanan, B. Anandavel, A. Chandrasekar,
Ageing of forged superaustenitic stainless steel: Precipitate phases and mechanical
properties, Mater. Sci. Eng. A. 535 (2012) 99-107. doi:10.1016/j.msea.2011.12.048.
[2] F.G.L. Pereira, J.M. Lourenco, R.M. do Nascimento, N.A. Castro, Fracture
Behavior and Fatigue Performance of Inconel 625, Mater. Res. 21 (2018).
d0i:10.1590/1980-5373-mr-2017-1089.

[3] S. Saber-Samandari, C.C. Berndt, K.A. Gross, Selection of the implant and
coating materials for optimized performance by means of nanoindentation, Acta
Biomater. 7 (2011) 874-881. doi:10.1016/j.actbio.2010.09.023.

[4] M. Gradzka-Dahlke, J.R. Dabrowski, B. Dabrowski, Modification of mechanical
properties of sintered implant materials on the base of Co-Cr-Mo alloy, J. Mater.
Process. Technol. (2008). doi:10.1016/j.jmatprotec.2007.11.034.

[5] M. Niinomi, M. Nakali, J. Hieda, Development of new metallic alloys for
biomedical applications, Acta Biomater. 8 (2012) 3888—3903.
d0i:10.1016/j.actbio.2012.06.037.

[6] L.N. Miotto, L.M.G. Fais, A.L.R. Ribeiro, L.G. Vaz, Surface properties of Ti-
35Nb-7Zr-5Ta: Effects of long-term immersion in artificial saliva and fluoride solution,
J. Prosthet. Dent. 116 (2016) 102—-111. doi:10.1016/j.prosdent.2015.10.024.

[7] Y. Song, D.S. Xu, R. Yang, D. Li, W.T. Wu, Z.X. Guo, Theoretical study of the
effects of alloying elements on the strength and modulus of B-type bio-titanium alloys,
Mater. Sci. Eng. A. 260 (1999) 269-274. doi:10.1016/S0921-5093(98)00886-7.

[8] I. Kopova, J. Strasky, P. Harcuba, M. Landa, M. Janecek, L. Bac¢akova, Newly
developed Ti—Nb—Zr-Ta-Si—Fe biomedical beta titanium alloys with increased strength
and enhanced biocompatibility, Mater. Sci. Eng. C. 60 (2016) 230-238.
doi:10.1016/j.msec.2015.11.043.

87



Conclusion 88

Chapter 6:
CONCLUSION

Metallic materials have been widely used in biomedical applications due to their
properties that are superior to ceramic and polymer materials such as high strength and
ductility. Nevertheless, metallic materials suffer from chemical and mechanical
degradation over time in applications within the human body. lons released from an
implant may lead to adverse effects on body tissues as well as prosthesis failure in long
term applications. Moreover, higher elastic modulus of metallic materials as compared
to that of bones is a significant problem in biomedical applications since higher elastic
modulus can damage the mechanical integrity between the implant and the bone.
Therefore, the biological and mechanical compatibility of an implant must be satisfied
in order to eliminate unfavorable results such as toxicity and sudden failure of an
implant. In this study, the biological and mechanical compatibility of novel metallic
materials has been investigated to evaluate their potential utilization in the biomedical
field.

The high entropy alloys of TiTaHfNb, TiTaHfNbZr, TiTaHfMoZr, and the
medium entropy alloy CoCrMo were examined under various testing methods in their
bulk state in order to independently evaluate their bio-related properties. The results
showed that the HEAs and CoCrMo alloys are strong candidates as implant materials.
The immersion tests of HEAs and CoCrMo in AS and SBF revealed their excellent
corrosion resistance with an oxide layer formation on their surfaces. In addition, the
hydroxyapatite layer has been observed on CoCrMo surfaces after 28-day immersion in
AS and SBF. The hydroxyapatite formation on CoCrMo alloy facilitates the integration
between the implant and the human tissue, and CoCrMo presents great improvements in

the repairing and healing process in orthopedic and orthodontic applications.

Addition to excellent biocompatibility, the mechanical properties of the HEAs
and CoCrMo alloy are excellent to support to human tissue, and specifically to hard
tissues. Particularly, high fracture toughness was obtained by TiTaHfNb, and fracture
surface morphology mainly indicates ductile behavior. The addition of the transition
elements (Nb, Zr, and Mo) into TiTaHf-based alloy creates a high difference in the
impact toughness of the alloys and their fracture behavior. While TiTaHfNb shows high
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toughness with mostly ductile behavior, TiTaHfNbZr shows mixed-mode fracture and
TiTaHfMoZr shows predominantly brittle behavior. Moreover, CoCrMo alloy exhibits
brittle behavior with some ductility, and it showed high strain under an impact loading.

To conclude, the special design of high entropy alloys and medium entropy
alloys present excellent biological and mechanical properties that make them strong

candidates as new generation of implants.
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