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ABSTRACT

In this dissertation novel metallic materials utilized in interdisciplinary applications have
been analyzed by constructing a relationship between their microstructural and mechanical
properties. For this aim the materials used for structural and biomedical applications were
subjected to mechanical tests and the microstructural evolutions were investigated via various
characterization techniques. These properties were also incorporated in the biocompatibility

evaluations of the implant materials.

The initial tests were carried out to understand the effect of microstructural evolution on
the cell response on the potential implant materials which were deformed up to different strain
levels. Microscopy analyses showed that the brain tumor cells exhibited the best attachment and
viability on the sample with the greatest plastic deformation where a significant slip activity was
prevalent, accompanied by considerable slip-twin interactions. Specifically the deposition of
proteins necessary for the focal contact formation on the implant surface was promoted on this
sample owing to the greater energy provided by the interactions of the slip and twinning. This
study showed that by manipulating the microstructure of the implant material improved cell
response and consequently a more successful treatment can be obtained. This study was
continued with another cell type in order to understand whether different cells would all react in
the same way or not. Conversely, fibroblast cells did not exhibit enhanced cell response with the
increased plastic deformation, which might stem from the failure of the adhesion of ECM
proteins, or incompatibility with cell size or surface roughness. This study pointed out the
importance of selecting a unique implant material specific for the body location and the tissue

that the metal will be in contact with.

Biocompatibility of the metallic materials was further analyzed in order to thoroughly
understand the parameters affecting it. Specifically the immersion experiments of Nickel

Titanium (NiTi) orthodontic archwires through the incorporation of the realistic mechanical
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conditions into ex si#u experiments showed that toxic Ni ion release increased due to stress
corrosion cracking (SCC). The stress accumulated in the archwire-bracket contact sites leads to
surface cracks in concomitant with the corrosive environment of the artificial saliva. This study
was followed by investigating the dissolution-reformation cycle of the protective oxide layer on
the archwires. The results showed that Ni ion release enhanced owing to the dissolution of the
oxide layer and with the reformation the net ion contribution has decreased significantly. These
findings showed the need for incorporating the actual chemical and mechanical condition into
the ex situ experiments and thorough analysis of the protective oxide layer in order to correctly

evaluate the biocompatibility of the materials.

After thoroughly evaluating the biocompatibility of the metallic implants further
experiments were carried out to better understand the microstructure and mechanical properties
of the materials which exhibit complex slip and twinning activity upon loading. With this aim
both polycrystalline and single crystal metals were tested in order to better understand the
activation of the plastic deformation mechanisms with and without the influence of the grain
boundary interactions. These studies showed the enhanced mechanical properties owing to the
impediment of slip by the twins and formation of nanotwins within the primary twins. The
mutual interaction of these mechanisms has strengthened the material, thus materials were able to

accommodate the great amount of deformation.

Overall the findings of this dissertation show that a thorough analysis of microstructural
analysis is needed to better understand the mechanical properties of the metallic materials.
Moreover, for the biocompatibility evaluation of the metallic implants the incorporation of

microstructural and mechanical properties was pointed out to be utmost importance.
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OZET

Bu tezde disiplinler arast uygulamalarda kullanidan tUstiin Ozellikli metal malzemeler
mikroyap: ve mekanik 6zellikleri iliskilendirilerek derinlemesine incelenmistir. Bu amagla yapisal
ve biyomedikal alanlarda kullanilan malzemeler mekanik testler ile deforme edilmis ve mikro yap:
evrimleri farkli mikroskopi teknikleri ile incelenmistir. Ayrica incelenen bu 6zellikler implant

malzemelerin biyouyumluluklarinin degerlendirilmesine de dahil edilmistir.

Oncelikle, farklt gerinimlere deforme edilmis potansiyel implant malzemelerde mikro yapi
evriminin hiicre davranisina olan etkisi incelenmistir. Yapilan mikroskopi analizleri beyin timéri
htcrelerinin en iyl yapisma ve canliligt en yiksek gerinime deforme edilmis, kayma ve ikiz
mekanizmalarinin  etkilesiminin fazlaca goruldigt Ornek tzerinde sergiledigini gostermistir.
Ozellikle bu etkilesimin sagladigi yiiksek enerji sayesinde hiicre yapismasinda gérev alan
proteinlerin implant ylizeyine yapismast kolaylasmistir. Bu calisma implant malzemelerin mikro
yapilarinin degistirilmesiyle daha iyilesmis hticre davranist ve buna baglt olarak daha basarili bir
tedavi elde edilebilecegini géstermistir. Bu ¢alisma farkli hicre tiplerinin de aynt sonucu verip
veremeyecegini incelemek amaciyla baska bir hticre tipiyle devam ettirilmistir. Beyin timoriiniin
aksine fibroblast hiicreleri plastik deformasyonla paralel olarak gelismis bir hiicre davranist
gostermemistir. Bunun nedenleri arasinda ECM proteinlerinin yapismasindaki basarisizlik veya
hiicre boyu veya ylzey purizliliginin uyumsuzlugu gosterilebilir. Bu ¢alisma implant malzeme

seciminin metal malzemenin temas edecegi dokuya 6zel olarak secilmesi gerekliligini géstermistir.

Metal malzemelerin biyouyumluluklarint etkileyen tim parametrelerin anlasiimast amaciyla
daha detaylica incelemeler yapilmustir. Ozellikle Nikel-Titanyum (NiTi) dis tellerindeki gercek
yukleme kosullarinin ex siz# deneylere dahil edilmesiyle olusan gerilimli korozyon ¢atlaklari
nedeniyle Ni iyon salinimindaki artis gosterilmistir. Dis teli ve braket temas noktalarinda biriken
gerilim asidik ortamin asindirict etkisiyle birlikte tel ylzeyinde catlaklara neden olmustur. Bu
calismanin devaminda dis tellerinin yuzeyindeki koruyucu oksit tabakasinin ¢oziinme-yeniden
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olusma donguisti incelenmistir. Sonuglar Ni iyon saliminin oksit tabakasinin ¢6ztinmesiyle arttigini
ve yeniden olusmastyla azaldigini géstermistir. Bu ¢alismalar malzemelerin biyouyumluluklarinin
degerlendirilmesinde gercek kimyasal ve yiikleme kosullarinin ex siz# deneylere katilmasinin ve

koruyucu oksit tabakasinin detaylica incelenmesinin gerekliligini gbstermistir.

Metalik implant malzemelerin biyouyumluluklarinin detaylica degerlendirilesinin ardindan
yuk altinda karmasik kayma ve ikiz mekanizmast aktivitesi gosteren malzemelerin mikro yap:t ve
mekanik 6zelliklerini anlamak icin ilave deneyler yapilmistir. Bu amagla ¢ok taneli ve tek taneli
metal 6rnekler tane stniri etkilesimleri etkisi altinda ve tane siniri olmayacak sekilde test edilmistir.
Bu calismalar kayma mekanizmasinin ikiz mekanizmasi ile engellendigini, birincil ikizlerin iginde
olusan nano ikizler sayesinde malzemelerin glclendigini ve bunlarin sayesinde malzemelerin daha

yuksek miktardaki deformasyona dayanabildigini géstermistir

Bu tezde yapilan ¢alismalarin sonuglart malzemelerin mekanik 6zelliklerinin iyi bir sekilde
anlastlabilmesi icin mikro yapilarinin detaylica incelenmesi gerektigini gostermistir. Ayrica metalik
implantlarin  biyouyumluluk degerlendirilmelerinde mikro yap: ve mekanik ozelliklerin dahil

edilmesinin biyitk 6nem tasidigs belirtilmistir.
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the NiTi archwire surfaces immersed for 30 days in the AS with a pH value of (a) 2.3, (b) 3.3,
and (c) 4.3.

Figure 4.4. The concentration of released Ni and Ti ions in the AS solution with the pH value of
2.3 for 1, 7, 14 and 30 days. It should be noted that error bars are present for each data point,

however; they are not easily identified on the graph for measurements with very small error.

Figure 4.5. The concentration of net Ni and Ti ions in the AS solution with the pH value of 2.3
for 1, 7, 14 and 30 days. It should be noted that error bars are present for each data point,

however; they are not easily identified on the graph for measurements with very small error.

Figure 4.6. Depth profile data obtained by XPS.

Figure 4.7. The XPS spectra recorded during the depth profiling of the archwire immersed in AS

with a pH of 2.3 for 30 days.

Figure 4.8. The deteriorated portion of surface on an as-is NiTi orthodontic archwire.

Figure 4.9. AFM images representing the surface topographies of the NiTi archwires immersed
in the AS with pH 2.3 for 1, 7, 14 and 30 days of immersion period (referred to as D1, D7, D14
and D30, respectively). An as-is archwire surface topography was also inserted in the figure for

comparison purpose.
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Figure 5.1. Three different experimental sets prepared for the immersion experiments: (a) UA:
the undeformed archwire, (b) B: the dental model with only brackets bonded on, and (c) BA: the

dental model both with brackets bonded on and archwire bound on the brackets.

Figure 5.2. Representative SEM image of the as-is orthodontic archwire surface.

Figure 5.3. Representative SEM image of the undeformed orthodontic archwire (UA) surface
immersed into AS.

Figure 5.4. SEM images demonstrating C deposition on the bound orthodontic archwire (BA)
immersed in AS.

Figure 5.5. Optical microscope images of the bound orthodontic archwire (BA) immersed in AS
Multiple high resolution images were gathered together to show the status of a meaningful
segment of the wire upon being released from the mold.

Figure 5.6. Surface topographies of the (a) undeformed (UA) (b) bound archwire (BA) obtained
by AFM.

Figure 5.7. SEM images demonstrating (a) the crack formation due to SCC, and (b) the
localization of the corrosion products near the cracks on the bound orthodontic archwire (BA)
immersed in AS.

Figure 6.1. The high-manganese austenitic steel sample subjected to explosive shock loading

following the experiment.

Figure 6.2. TEM images demonstrating the microstructure of Sample 1: (a) an overview
showing nanotwins within a primary twin, and dislocations at the primary twin boundary, (b)
high-magnification image of the selected area in (a), (c) high-magnification image of the selected

area in (b), and (d) the SAD pattern corresponding to (c).

Figure 6.3. TEM images demonstrating the microstructure of Sample 3: mostly (a) dislocations

and (b) primary twins are prevalent. (c) The corresponding SAD pattern.

Figure 6.4. Schematic describing the microstructure evolution observed in Samples 1 and 3.
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Figure 7.1. Stress-strain curve of the NiCoCr samples in [110], [111] and [123] orientations
deformed up to fracture under tensile loading. The optical microscopy (OM) images within the
graph were obtained from the samples deformed up to 4% ([110]) and 10% ([111] and [123]) of
strain. The crystallographic orientation of the images from top to bottom is: [111], [110] and
[123]. The scale bar in OM images is 50um. (To better understand the graph and its

corresponding OM image the reader is referred to the web version of this paper.)

Figure 7.2. TEM micrographs and diffraction patterns of the samples in [110] orientation

deformed up to ((a) and (b)) 60% and (c) fracture.

Figure 7.3. TEM micrographs and diffraction patterns of the samples in [111] orientation

deformed up to (a) 10% and ((b), (c) and (d)) fracture.

Figure 7.4. TEM micrographs and diffraction patterns of the samples in [123] orientation

deformed up to (a) 10% and (b) fracture.

Figure 7.5. TEM bright field images of NiCoCr samples in [123] orientation deformed up to

fracture.
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1. INTRODUCTION

1.1 Objective

In this dissertation the novel metallic materials used in interdisciplinary applications have
been analyzed by constructing a relationship between their microstructural and mechanical
properties. For this purpose materials utilized for structural and biomedical applications were
subjected to mechanical tests and the activation of plastic deformations were analyzed in detail.
In addition, biocompatibility of the implant materials was also investigated and related with the

microstructural and mechanical properties of the sample.

Initial study was carried out on stainless steel samples which have been widely used as
implant materials in numerous applications. These samples were subjected to tensile test and
deformed up to different strain values in order to activate plastic deformation mechanisms in
different volume fractions. Surface topography and the microstructural evolution due to the
activated slip and twinning mechanisms were analyzed with different material characterization
techniques. Brain tumor and fibroblast cells were seeded on these samples which possessed
different microstructural and surface properties and the effect of plastic deformation on the

biocompatibility of the material was evaluated.

In continuation of this study in order to thoroughly understand the parameters affecting
the biocompatibility of the metallic implants further experiments were carried out. Specifically
NiTi archwires utilized in orthodontic treatment were subjected to immersion tests by
incorporating the realistic mechanical conditions into ex siz# experiments. In addition to that the
formation and dissolution of the protective oxide layer which directly influences the Ni ion

release from the implant was analyzed with the static immersion of the archwires.

After completely analyzing the biocompatibility of different implant materials, metals with

complex microstructures were subjected to tensile test. Specifically polycrystal Hadfield steel and

1



single crystal high entropy alloy with low stacking fault energies (SFE) were used which showed
activation of twinning mechanism in the early stages of the plastic deformation. The interaction
of slip and twinning mechanisms were also analyzed in detail since it contributes significantly to
the work hardening rate and improved mechanical strength in these materials. In addition that
the work carried out with single crystal materials has helped to better understand the orientation
dependence of the slip and twinning mechanisms by circumventing the complications associated
with grain boundaries. The knowledge gained by investigating these materials will elucidate the
microstructural evolution of the materials that will shape the future applications in structural and

biomedical fields.

Overall the aforementioned studies show that the microstructural and mechanical
properties of a material are strongly correlated. Particularly the incorporation of these properties
into the biocompatibility evaluation of the metallic implants play significant role. Therefore for
selecting a material that will be utilized either as a structural material or an implant all these
parameters need to be analyzed thoroughly and taken into consideration. The findings of this
thesis aim to shed light onto the relation of microstructural evolution and mechanical properties
of the metallic materials that would be utilized in interdisciplinary studies, and set higher

standards in the material selection for these applications.

1.2 Background

Metallic materials have been utilized in numerous applications including automotive,
aerospace, civil engineering and biomedical. New technologies and introduction of materials with
superior properties further improve their use in more applications every day. Specifically
materials with unprecedented combination of mechanical strength and ductility attract the
attention of researchers [1-3]. For instance twinning induced plasticity (TWIP) or high
manganese steels have been regarded as a potential candidate to be used in automotive, defense,

railroad and mining industries since they have excellent combination of high strength, ductility,



toughness and large strain hardening capacity [1,4,5]. The use of these steels for the
manufacturing of car body parts provides a decrease in fuel consumption owing to the
manufacturing of lighter cars and improvement in safety due to high energy absorption
performance of these steels [1]. Within the last decade new classes of alloys named as high
entropy alloys (HEAs) have been popular. These alloys consist of multiple elements which are
present in almost equal atomic concentrations on the contrary to the conventional alloys which
are composed of one principal element with minor additive ones such as iron based alloys or Ni
based superalloys [6,7]. These alloys differ from the previously developed multi principal element
alloys (MPEAs) because they form a solid solution without any intermetallic phases which cause
brittleness or difficulty in processing [7]. The studies carried out on HEAs in the last few years
showed that these alloys present superior mechanical properties, such as high tensile strength,
elongation to fracture and fracture toughness [3,8—10]. Particularly at the cryogenic temperatures
Cantor alloy (FeMnCrCoNi), and its quaternary (FeNiCoCr) and ternary (NiCoCr) alloys
possessed greater yield strength, ultimate tensile strength and fracture toughness without
sacrificing the ductility [3,9,11]. These extraordinary properties make these alloys a great choice
for the space applications. The further studies that will be carried out on these alloys will
clucidate the reasons for these unprecedented properties. In the chapter 7 of this dissertation
research carried out on these materials and their microstructural investigations will be explained

in detail.

Other than the aforementioned applications metallic materials are also widely used in
biomedical applications. Biomaterials are used to replace a part of a living system or to function
in an intimate contact with the living tissue [12]. Some of the widely used biomaterials and their
applications are listed in Table 1.1. For a biomaterial to function properly in a living organism its
biocompatibility constitutes the utmost importance which shows the acceptance of an artificial

implant by the surrounding tissue and by the body as a whole. Beside this mechanical,



microstructural and surface properties of the material also play critical role depending on the

body part that the implant will be utilized [13,14].

Materials Advantages Disadvantages Examples
Polymers (nylon, silicone Resilient Not strong Sutures, blood vessels
rubber, polyester, Easy to fabricate Deforms with time other soft tissues, sutures,
polytetrafuoroethylene, etc) May degrade hip socket, ear, nose

Metals (Ti and its alloys, Co-Cr
alloys, Au, Ag stainless steels, etc.)

Ceramics (alumina zirconia,
calcium phosphates including
hydroxyapatite, carbon)

Composites (carbon—carbon,
wire- or fiber- reinforced
bone cement)

Strong, tough
ductile

Very bio-
compatible

Strong, tailor-
made

May corrode
Dense
Difficult to make

Brittle
Not resilient
Weak in tension

Difficult to make

Joint replacements, dental

root implants, pacer and

suture wires, bone plates
and screws

Dental and orthopedic

implants

Bone cement,
Dental resin

Table 1.1. Biomaterials and examples on their applications in the body [12].

Among the aforementioned materials metallic materials have been the choice for
numerous applications throughout the centuries due to their mechanical strength, ductility,
fracture toughness, corrosion and wear resistance, and biocompatibility [13,15]. The first attempt
to implant a metallic material dates back to 1860s with the use of wires and pins made of iron,
gold, silver or platinum which ended up being unsuccessful due to infection after implantation.
Aseptic surgical technique developed by Dr. J. Lister has significantly reduced the possibility of
the infection and improved their use [15]. The first steel implant was designed for the repair of
bone fractures in the early 1900s. Later on this implant was modified in order to decrease the

stress concentration through the elimination of the sharp corners in the design (Figure 1.1).



(a)

(b)

Figure 1.1. Early design of bone fracture plate (a) before and (b) after the modification of its

design [12].

Starting with the use of stainless steel, metallic materials with improved mechanical
properties and biocompatibility have been developed which met the requirements of the critical
biomedical applications listed in Table 1.2. Nickel Titanium (NiTi) shape memory alloy (SMA) is
one of these metallic materials which have been utilized in numerous applications ranging from
cardiovascular, orthodontics, orthopedics and physical therapy. The protective titanium oxide
layer covering the material improves the biocompatibility although it contains approximately 50%
at. of Ni. In addition to that shape memory property of NiTi which enables the alloy to undergo
solid to solid phase transformation upon the change of temperature plays critical role in
numerous biomedical applications. Numerous studies have been carried out to evaluate the
corrosion resistance and biocompatibility of the NiTi alloys and they showed the Ni ion release

from the alloy was below the toxic level throughout the testing periods [14,16,17].



Type

Primary utilizations®

Status of applications

Stainless steels

Co-based alloys

Ti-based alloys

Miscellaneous others
NiTi

Mg

Ta

1. Temporary devices (fracture plates, screws, hip nails, etc.) (Class II)
2. Total hip replacements (Class 1)

3. Total joint replacements (wrought alloys) (Class 11)
4. Dentistry castings (Class II)

5. Stem and cup of total hip replacements with CoCrMo or ceramic
femoral heads (Class II)
6. Other permanent devices (nails, pacemakers) (Class 11I)

Orthodontic dental archwires (Class 1)

Vascular stents (Class 111)

Vena cava filter (Class 1)

Intracranial aneurysm clips (Class 1I)

Contractile artificial muscles for an artificial heart (Class 11I)
Catheter guide wires (Class II)

Orthopedic staples (Class 1)

NaUhk W=

Biodegradable orthopedic implants (Class III)

8. Wire sutures for plastic surgery and neurosurgery (Class 111}
9. A radiographic marker (Class II)

Routinely applied

Routinely applied

Routinely applied

FDA approved
FDA approved
FDA approved
FDA approved
Research

FDA approved
FDA approved

Animal trial

FDA approved
FDA approved

Table 1.2. Metallic biomaterials and their primary applications as implants [15].

As mentioned above for the structural materials the mechanical properties of the
biomaterials also play important role in order to achieve a successful treatment. For instance
Young’s modulus is an important property which can affect the recovery after surgery
significantly. Specifically if the modulus of elasticity of an implant placed in the body to repair or
replace a bone fracture exceeds the one of the bone then the implant would bear much more
load than the bone which consequently can result with the resorption of the bone. In order to
eliminate this problem (stress shielding effect) metallic materials with the Young’s modulus

similar to that of the bone needs to be implanted [15]. Mechanical properties of some of the

widely used metallic biomaterials are listed in Table 1.3.

Table 1.3. Mechanical properties of metallic implant materials and cortical bone [15].

Materials Young's Ultimate Fracture
modulus/GPa tensile toughness
strength/MPa (MPa /m)
CoCrMo alloys 240 900-1540 ~100
316L stainless steel 200 540-1000 ~100
Ti alloys 105-125 900 ~80
Mg alloys 40-45 100-250 15-40
NiTi alloy 30-50 1355 30-60
Cortical bone 10-30 130-150 2-12




1.2.1 Plastic Deformation of Metals & Mechanisms

When a material is loaded over its elastic limit, it can not recover its original shape and
deforms plastically. There are mainly two types of plastic deformation mechanisms in metals: slip

and twinning.

Slip
Slip takes place by the dissociation of the bonds between the parallel planes under shear

stress.

Shear Stress

—_—
| % b) Ia
—

Figure 1.2. Slip mechanism in a perfect crystal.

The critical shear stress for the initiation of this co-operative movement of the atoms in a

perfect crystal (Figure 1.2) was first calculated by Frenkel:

T:

2|

G

2

where T is the applied shear stress, G is the shear modulus, b is the spacing between the atoms in
the direction of shear stress and @ is the spacing between the rows of atom respectively. When
the theoretical value of shear stress was compared with the experimental result, a discrepancy
between these values was noted. This 10-100 times greater theoretical stress value was explained
by the existence of defects in the material which can be listed as point, line, surface and volume.

Research independently carried out by Orowan, Polanyi and Taylor in 1934 to reconcile the

predicted and experimented stress values showed the presence of dislocations (line defects) in the



material. There are two types of dislocations: edge and screw. In edge dislocation the dislocation
line and the Burger’s vector which represents the magnitude and direction of the lattice distortion
are perpendicular to one another. On the other hand these two vectors are parallel to each other

in screw dislocation. Figure 1.3 presents the steps of edge dislocation mechanism where the

dislocation is denoted with _L sign. The half plane observed in Figure 1.3 makes the glide of
dislocation easier and the material can be plastically deformed with lower energy on the contrary

to the mechanism in perfect crystal.

Slip plane — Unit step

of slip
Edge
dislocation
line

Figure 1.3. Mechanism of an edge dislocation under an applied shear stress. (a) The extra half
plane is labeled A. (b) The dislocation moves one atomic distance to the right and B becomes the
extra half-plane. (c) A step is formed on the surface of the crystal with the exit of the extra half-

plane. [18]

Dislocation movement depends on the crystal structure of the material. In each different
crystal there is a preferred plane and direction for this mechanism which is determined by the
packing of the atoms. Specifically the slip plane and the direction correspond to the plane and
direction which is most closely packed with atoms. The metallic materials investigated in this
thesis have face centered cubic (FCC) structure (excluding NiTi SMAs) and the preferential
direction and plane family of slip is <110> and {111} respectively. The Burget’s vector of a full

dislocation in the FCC material is b = a/2<110> as shown with b, in Figure 1.4.



Figure 1.4. Slip of {111} planes in FCC metals [19].

However as presented in Figure 1.4, B atoms choose to move to another B position
through position C because of less resistance against this movement. Thus perfect dislocation
would dissociate into two partials dislocations (Shockley Partial) with the Burgers vectors of b,

and b;. Miller index notation of this dissociation is shown below:
1/2 <110> — 1/6 <211> +1/6 <12-1>

It should be noted that the right-hand side of the notation is equal to the left-hand side: 1/6
[2+1, 142, 1+(-1)] which proves that the total Burgers vector doesn’t change in the end of this
dissociation. Another important point to mention is that the energy of the dislocation is related
with the square of its magnitude. This proves the formation of Shockley partials (b,” + b,”= a?/3)
which is energetically favorable than the perfect dislocation (b,> = a’/2). Possible Shockley

partials in FCC crystal are presented in Figure 1.5.



1/6(211) 1/2[1101/

Figure 1.5. Burgers vector of perfect and Shockley partial dislocations in the (111) plane [19].

The dissociation of perfect dislocation into partial dislocations leaves an imperfect crystal

where the stacking of the atoms is disrupted. This planar defect between the two partials is

named as stacking fault (Figure 1.6). The energy needed to bring these two partial dislocation

back together is called as stacking fault energy and is measured in J.m™.

g# Wl’a’

¢

Partial dislocations

(35 a ' ‘ (b) Stacking faults

Figure 1.6. (a) Transmission Electron Microscopy (TEM) image of extended dislocations in Cu-

7% Al alloy. (b) Arrangement of dislocations in the inset in (a) [19].
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Deformation Twinning

Upon the applied load the formation of partial dislocations lead to the generation of large
stacking faults which consequently take role in the formation of twinnings [20]. Atomic
movement during twinning causes a mirror like image configuration in the crystal (Figure 1.7).
Twins are commonly observed in FCC metals which have low stacking fault energy owing to the

lower stress needed to nucleate the twins.

Figure 1.7. Arrangement of atoms during formation twinning [19].

Twinning constitutes an important mechanism for the work hardening behavior of the
material. Specifically twin boundaries non-coplanar to mobile dislocations act as barriers to
dislocation motion particularly by decreasing the grain size and consequently increasing the work
hardening rate. Likewise the Hall-Petch relation which states that the yield strength of the
material increases as the grains get smaller the phenomena where the twin boundaries surrogate
grain boundaries is called dynamic Hall-Petch effect [21]. In addition to that the formation of
nanotwinnings inside the major twinnings would further increase the work hardening rate, delay

the onset of necking and increase the ductility [9,22].

During plastic deformation the competition between the slip and twinning mechanisms is
strongly dependent on the crystal orientation, temperature or strain rate [21,23,24|. Specifically
the research on single crystals have analyzed the activation of these two mechanisms in the early

and later stages of the deformation. They have also presented the critical resolved shear stresses
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for the nucleation of slip and twinning mechanisms in different materials [24—28]. In the chapter
7 of this dissertation the competition between these mechanisms will be explained in detail by

constructing a relationship in crystal orientation.

1.2.2 Characterization of Materials

In this dissertation characterization of mechanical and microstructural properties of
metallic materials was carried out via different techniques. The ones utilized by the author will be

explained briefly in this chapter.

Characterization of Mechanical Properties

The mechanical properties of the metallic materials were investigated via universal tensile
test in this dissertation. Tension test is one of the most common tests to evaluate the mechanical
response of the materials and obtain the stress-strain curve (Figure 1.8). The specimen is
deformed, usually up to the fracture strain, with a gradually increasing load which is applied
uniaxially along the longitudinal axis. Dogbone shaped specimens (Figure 1.9) are used in this test
in order to confine the deformation in the narrow center section (gauge section) and eliminate

the possibility of fracture at the ends of the sample.

600 + - i . i

&

Spannung in MPa

200

0 20 40 60
Dehnung in %

Figure 1.8. Stress-strain curve of the 316L Stainless Steel samples used for the investigation of
the attachment and viability behavior of the cells.
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Figure 1.9. The dimensions of the NiCoCr tension samples tested in this thesis.

Characterization of Microstructure

The microstructure of the samples was analyzed via two main techniques: Scanning
Electron Microscope (SEM) and Transmission Electron Microscope (TEM). The SEM image is
obtained by the scanning of the surface with a focused beam of electrons. These electrons
interact with the atoms at different depths within the sample. The types of the signals produced
in SEM include secondary electron (SE), back-scattered electrons (BSE) and X-rays. BSE
detector was mainly used for the detection of the different phases by the visualization of the
contrast on the material while SE detector was utilized to understand the surface topography of
the material. In addition energy dispersive X-ray (EDX) detector is used to understand the
chemical composition of the material or create the element composition maps. The tested
samples can be analyzed via SEM right after they are kindly cleaned with ethanol without
destructing the facture surface (Figure 1.10). In order to eliminate the charging problem the

metallic samples can be coated with conductive materials or mount with a carbon tape.

13



Figure 1.10. The SEM image of the fracture surface of Hadfield steel sample.

On the other hand TEM is imaged is obtained by the transmission of electron beam
through the sample which is typically thinner than 100nm (Figure 1.11). While the samples are
easily prepared for the SEM analysis, TEM analysis necessitates a toilsome and time consuming
sample preparation. The tested samples are firstly ground down to 60 um thickness with 400 and
600 grit SiC sandpapers and then polished with 1000 and 1200 grit ones respectively. TEM coils
in the thickness of nanometers is obtained with twin jet electro polishing equipment. Typically an
alcohol is mixed with a strong acid, and the working temperature and the accelerating voltage is

determined based on the material.

Figure 1.11. TEM image of the NiCoCr sample deformed up to fracture
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2. AN EXPLORATION OF PLASTIC DEFORMATION DEPENDENCE OF CELL
VIABILITY AND ADHESION IN METALLIC IMPLANT MATERIALS

2.1 Introduction

Cell viability and adhesion on an implant material play an important role for the
biocompatibility of the material and dictate the success of long-term tissue-implant integration
[1-15]. Especially when the physical and chemical properties of the implant surface can mimic
those of the biological structure, a successful tissue-implant integration is achieved as the cells
attach to, and spread and grow on the implant surface [11,16]. This, in turn, proves very effective

in minimizing the risk of inflammatory reactions [17].

The materials of choice for the metallic implants have most commonly been stainless
steels, cobalt-chrome alloys, and titanium and its alloys [2,18-22] They usually exhibit good
formability, high strength, and wear and corrosion resistance, as well as acceptable long-term
biocompatibility [4,20,22-25]. When the implant material is placed in the body, cells recognize
special ligands on the implant surface through their focal contacts [26,27]. The ligands can either
be on the membrane of an adjacent cell, or can be a part of the extracellular matrix (ECM)
[1,27,28]. If cells can successfully attach on these ligands through their focal contacts, they can
then adhere and spread on the implant material [1]. Especially the first hours of the cell-implant
interactions are very critical for the adhesion behavior of the cells: if good cell-implant
attachment and viability is achieved right after the placement of the implant into the host body,
the surface will be resistant to bacterial attacks. This will increase the life span of the implant and
improve the quality of the treatment. If, on the other hand, cells cannot attach on the substrate

and instead bacteria colonize on the implant surface, tissue-implant integration will fail [9].

Physical and chemical properties of an implant’s surface play a significant role in
achieving a successful cell-implant attachment [1,13,16,22]. Specifically, roughness, polarity,

hydrophilicity and free energy of the surface are the most critical factors affecting the cell-implant
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interaction [11,16,29]. Surface free energy (SFE) and wettability of the material surface enhance
the cell attachment because cellular proteins responsible for attachment are attracted more to the
surface [16,29,30]. Surface roughness also constitutes an important parameter for the cell viability
and attachment because it changes the chemical and physical properties of the material surface
directly, which, in turn, affect the cell response to the implant. For example, cell attachment is
reported to increase concomitant with surface roughness owing to a higher surface energy and

serums moving into grooves [6,10,13,29,31].

In order to characterize the surface roughness effect on cell viability and attachment,
numerous machining and patterning methods were utilized [3,18,32]. Focal adhesion formation
and spread area of the cells were investigated on different potential implant materials and the
importance of the cell-implant interactions was reported [14]. In addition, numerous surface
modification techniques were utilized to obtain implants with different physical and chemical
properties, including lithography or etching [5,15,33]. As a result, micron and submicron scale
features mimicking the real biological components were obtained, which resulted in enhanced cell
viability and a better adhesion [8,11,12,31,33]. These studies also showed that physical
modifications on implant surfaces can lead to chemical changes, which, in turn, significantly

influence the cell response.

The findings of the aforementioned studies evidenced a better cell viability and adhesion
behavior on implant surfaces modified with various techniques. However, all these methods were
confined to the macroscopic investigations that involved modifications on the implant surface
cither with generating different surface features or changing the groove sizes. To the best of the
authors' knowledge, a study presenting a clear relationship between the cell response and the true
reason for the surface roughness, i.e. micro-deformation mechanisms, has not been forwarded
yet. In particular, understanding the role of micro-deformation mechanisms on the cell response

to the corresponding implant surface might be of utmost importance since parameters dictating
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the cell adhesion and viability, such as surface roughness or surface energy, are directly dictated
by the deformation of the surface at the micro-scale. The current study was undertaken with the
motivation of addressing this issue, and to investigate the cell response to different micro-

deformation mechanisms, such as slip and twinning.

In the current study, viability and adhesion behavior of the cells, and the corresponding
dependence on the micro-deformation mechanisms were investigated on austenitic 316L stainless
steel samples because among all the other metallic materials, the utility of stainless steels as
biomaterials dates back to earlier years, and thus, this class of materials has been investigated in
detail in terms of their mechanical properties, microstructure, and interactions with living cells
[7,20,24,34,35]. The 310L stainless steel samples were subjected to tensile loading and deformed
up to plastic strains of 5%, 15%, 25% and 35%. As widely as the stainless steels are utilized as
implant materials in orthopedics or cardiovascular diseases [4], they are also used in the treatment
of neurological diseases such as full or partial paralysis, and Parkinson’s disease, where implanted
stainless steel electrodes are employed to stimulate the targeted brain regions with the aid of
electric signals [36—38]. Another example is cranioplasty, which involves the utility of stainless
steel mesh to repair large cranial defects, which might come into contact with the outer brain
tissue [39]. Thus, for the sake of observing the most possible cell viability and adhesion behavior,
highly adhesive and replicative malignant brain tumor cells (U373) were seeded on the samples.
In particular, the quick and adhesive response of these cells was very useful in investigating their
viability and adhesion behavior within short observation periods. The current findings revealed
that the U373 cells showed higher cell viability and adhesion on the sample deformed to the
largest strain, featuring the highest density of micro-deformation activities, and filopodia

formation was observed as the strain increased.

Overall, the current set of results demonstrates that cell response on a metallic implant

can be controlled by controlling plastic deformation during the making of the implant, and thus,
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by activating the desired micro-deformation mechanisms. Furthermore, the cell reaction data to
different microstructures and surface properties can be useful to tailor the properties of implant
material in order to obtain the surface and microstructure that would stimulate the highest cell
viability and adhesion. As a result, a better cell-implant interaction can be achieved, inflammatory
and adverse reactions can be reduced or even eliminated, and the quality of the treatment can be
improved. More importantly, the current results open the venue for utilizing microscopic level

live tissue - metallic material relationship to facilitate new medical treatments.

2.2 Materials and Methods

For mechanical tests, dog bone shaped tensile test specimens were cut from 316L
stainless steel sheets, which were then ground with 400, 800, 1200 and 2500 grit SiC papers, and
polished with diamond abrasives having particle sizes of 0.6um, 0.3um and 0.1um respectively.
The polished samples were etched to observe the microstructure more clearly. The etching
reagent was prepared by mixing 200 ml distilled water, 200 ml HCI (32%), 20 ml HNO; (65%)
and 0.6 ml Vogel’s inhibitor at a working temperature of 70 “C. To obtain the samples with
different microstructures, the polished and etched steel samples were subjected to tensile loading
with a servo hydraulic test machine and deformed up to four different strains: 5%, 15%, 25% and
35%. A different sample geometry was utilized in order to strain the samples to 60%, such that
the cell viability could be observed for an extreme deformation case. This wide range of strains
stimulated topographical variations and activation of micro-deformation mechanisms in different
volume fractions on each sample. It should be noted that the steel sheet deformed up to the
failure strain (40%) was not included in the viability and adhesion tests because the localization of
the stresses and strains in the vicinity of the fracture surfaces would result in a significant
deviation from the overall test results. Prior to seeding the cells, the deformed samples were

polished with 0.1pm particle-sized diamond abrasive to remove traces of the etchant. However,
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the etchant traces on the samples deformed up to 25% and 35% were not fully removed by this

procedure. Therefore, they were also polished utilizing a vibratory polisher for 12 hours.

For the cell culture experiments samples with the dimensions of 10 mm X 10 mm X 1
mm were obtained from the gauge section of each 316L steel sheet by electrical discharge
machining (EDM), and three companion cell culture experiments were carried out to check for
repeatability. Samples were cleaned in an ultrasound bath with ethanol for 15 minutes prior to the
experiments and microscopy. Surface topography and the corresponding roughness of each
sample were monitored with confocal laser scanning microscopy (CLSM) at 50 X and 150 X
magnifications. The average surface roughness (Ra) values of the samples were evaluated utilizing
the scans carried out at 50 X magnification, and by taking the average of scans obtained from 5
different areas with a scan area of 50pm X 50um on each sample surface. In order to assess the
suitability of the steel samples for cell growth, a highly malignant cell type with good attachment
characteristics was chosen: the U373 glioblastoma cell line was engineered to express green
fluorescent protein (GFP) and seeded on the steel samples featuring five different deformation
strains: 0%, 5%, 15%, 25% and 35%. The U373 human glioblastoma cells were obtained from
the American Type Culture Collection (ATCC) and grown in standard culture conditions in
DMEM supplemented with 10% FBS and 1% Penicillin-Streptomycin (Gibco). Cells were then
engineered to express GFP using retroviral transduction as described elsewhere [40]. Accordingly,
cells were transduced with pBabeGFP viral particles in medium containing protamine sulfate (10
mg/ml) at a multiplicity of infection (MOI) of 1. GFP expression was visualized by fluorescence

microscopy. The U373 cells possessed an average dimension of 18 um X 13 pm.

Sterilization of the 316L stainless steel samples was accomplished utilizing an autoclave.
Each sterile sample was added to one well of a 24-well tissue culture plate (Costar), followed by
cell seeding. 1 X 10° U373-GFP cells were seeded on each well containing a steel sample in 1 ml

growth medium for 24 hours. Next day, the metal samples with the attached GFP-positive cells
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were observed with fluorescence microscopy. Upon fluorescence imaging, the number of cells
attached per sample was measured using ATP-based cell viability assays. Accordingly, Cell Titer-
Glo® (CTG) Luminescent Cell Viability Assay (Promega, USA) was modified to measure cell
viability on the steel samples. For each well, 30 ul CTG reagent was mixed with 300 pl DMEM,
and this mixture was added into the well on the metal sample. After a 10 minute incubation
period, 100 pl of cell and CT'G mixture was transferred to a 96-well plate and was measured by a

luminometric plate reader (Synergy H1 Reader, Biotek, USA).

Steel surfaces and cell attachment were also monitored with the addition of field emission
scanning electron microscopy (FESEM). The FESEM images of the steel sample surfaces prior
to the cell seeding were captured with secondary electron (SE) and an inlens detector at a
magnification in the range of 300 — 5000 X, under an accelerating voltage of 7 kV and current of
278 — 785 pA, and within a working distance of 5.1 — 8.9 mm. The FESEM images of the cell-
seeded steel samples were also captured with SE and an inlens detector, but at a magnification of
300 — 4000 X, under an accelerating voltage of 5 kV and current of 278 — 785 pA, and within a

working distance of 6.3 — 8 mm.

2.3 Results and Discussion

The CLSM and FESEM analyses carried out prior to seeding the cells revealed
topographical and microstructural distinctions between the samples deformed to different plastic
strains (5%, 15%, 25%, 35% and 60%). In particular, as the plastic deformation increased, surface
topography of the samples became rougher (Figure 2.1), while the undeformed sample had a
rather smooth surface. CLSM was employed in order to quantify the differences between surface
topographies of the undeformed and deformed steel samples: topographic representations of the
surface heights, also referred to as height images, in Figure 2.2 show prominent differences

between the samples, such that an increased density of valleys and peaks, and larger grooves

24



became more prevalent concomitant with plastic strain increase, which resulted in a greater

average surface roughness (Ra) as expected (Table 2.1).

—— 20pum

Figure 2.1. FESEM images showing the microstructure and surface texture of (a) the
undeformed and (b) 35% deformed 316L steel samples. Grids appearing on the images helped
focusing on the same specific areas of interest under different magnifications.

Table 2.2. Average surface roughness (Ra) data of the undeformed and deformed steel samples

in um obtained by CLSM.
Undeformed | 5% 15% 25% 35%
0.043 £ 0.002 {0.090 = 0.002 {0.250 * 0.035 [ 0.457 * 0.016 | 0.624 * 0.045
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Figure 2.2. Topographic representations of the surface heights (height images) of the samples
deformed up to (a) 5%, (b) 15%, (c) 35% and (d) 60%.

Figure 2.3. Traces of mechanical twins on the surface of the 35% deformed sample. This gradual
transition was obtained by superposing the topography and surface images, and adjusting the
transparency of the images. The color bar shows the surface roughness defined in terms of peak
distance values along the 7 axis (in pm).

The microstructure of each sample was also investigated in detail with CLSM and
FESEM in order to relate the surface roughness to the micro-deformation mechanisms. For
instance, as the deformation increased the volume fraction of mechanical twins also increased
accompanying the roughness evolution, as recently reported in the literature [25]. In order to gain
a better understanding of the role of twinning on the surface roughness, the 35% deformed
sample, which featured the largest volume of mechanical twins, was investigated in detail under

CLSM: superposition of the height and laser scanning images (also referred to as laser image)
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obtained from a twinned region on this sample cleatly demonstrated the contribution of twins to
the surface roughness, especially when the transparency of one of the images was adjusted
accordingly (Figure 2.3). The CLSM line profile of this particular region (Figure 2.4) shows the
abrupt changes on the texture stemming from twinning [41]. Even though such an abrupt change
can also be observed on an undeformed sample due to pre-existing twins, plastic deformation
significantly increases the incidence of such twin-related abrupt changes along with increasing
roughness [25]: grains oriented along the <101> orientation exhibited extensive twinning upon
plastic deformation, implying that an initial texture with the majority of the grains assuming
<101> or near-<101> orientations can provide an effective means of increasing surface

roughness upon plastic deformation by facilitating the maximum twinning activity.
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Figure 2.4. CLSM line profile traversing a twinned region on the sample deformed to 35%
strain. The encircled areas exhibit a stair-like line profile, where the surface topography changes
abruptly, which is characteristic of twinning.
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Figure 2.5. (a) Laser (b) and height images of grains showing overall surface topography of the
sample deformed to 35%. The color bar represents the surface roughness defined in terms of
peak distance values along the 7 axis (in pm).

The laser and height images of the surface of the 35% deformed sample evidence that the
surface topography is also governed by the individual orientations of the grains, i.e. the texture of
the material (Figure 2.5): due to plastic deformation each grain was reoriented along towards a
direction dictated by the loading and material symmetry [42], and identified itself with the
resulting surface roughness defined in terms of peak distance values along the normal to the
surface. Consequently, the misorientation angle between the neighboring grains also plays an
important role since it also increases upon plastic deformation [25,43]. In order to further clarify
this point, the boundary between two neighboring grains on the surface of the 35% deformed
sample was subjected to CLSM line profiling (Figure 2.6). Accordingly, the line profile shows a
sudden drop of the height while traversing the grain boundary, similar to those observed in the

twinned regions (encircled zones in Figure 2.4(b)) yet of larger magnitude.
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Figure 2.6. (a) Laser (b) and height images of the boundary of two neighboring grains on the
sample deformed to 35% of strain. (c) Line profile obtained from the areas marked in the images
(a) and (b) showing the sudden drop in surface height. The color bar shows the surface
roughness defined in terms of peak distance values along the normal to the surface (in pm).

The other major micro-deformation mechanism, i.e. slip, became more prevalent with
increasing plastic deformation, such that the slip lines are clearly visible on the surface (Figures
2.7 and 8). In addition, as the deformation of the 316L steel proceeded, multiple slip systems
became active, eventually leading to twin-slip interactions within the grains (Figure 2.7), also
contributing to the strain hardening capacity of the material [41]. As a result of these interactions,
twins curtail the dislocation activity [44] and stress concentration increases at these sites [25].
More importantly, the greater surface energy of these regions can later catalyze the adhesion of
the cells or deposition of biological molecules [21], and thus, the slip lines were analyzed in detail
on the 35% deformed sample. Figure 8 shows the planar slip lines within a grain and a line profile
traversing over these slip lines, evidencing the significant contribution of glide dislocations to the

surface roughness that dictates the cell adhesion and viability.
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Figure 2.7. FESEM image showing a grain on the sample deformed to 25% strain: twin-slip
interactions are prominent within this grain.

FESEM analysis carried out after cells were seeded and fixated on the samples having
different levels of plastic deformation revealed that cells displayed a highly attached and spread
morphology on deformed steel samples, whereas they did not propetly attach to undeformed
samples (Figure 2.9). Furthermore, the abundance of filopodial extensions indicates the higher
surface affinity of the cells on the deformed samples (Figure 2.9-b), especially on 35% strained
samples. These cells were wider and displayed several extensions reminiscent of actin-based
filopodia. In addition, intercellular attachment was also observed on the deformed samples
(Figures 2.9), where the neighboring cells recognized each other through the membrane proteins
and attached with their filopodia. In contrast, the cells that attached to undeformed samples
spread on a smaller area without any filopodia. This set of findings implies that an enhanced

activity of micro-deformation mechanisms promotes cell attachment and proliferation.
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Figure 2.8. (a) Laser (b) and height images of the slip lines within a grain in the sample
deformed to 35% strain. (c) The line profile shows the step-like increase of the surface height by
the slip lines within the region marked in (a) and (b). The color bar shows the surface roughness
defined in terms of peak distance values along the normal to the surface (in pm).

Figure 2.9. FESEM images of the cells cultured on (a) the undeformed, and (b) the 35%
deformed sample, demonstrating the plastic deformation effect on the spread morphology of the
cells. The encircled zones indicate the filopodial extensions.

In order to further investigate this argument, a different set of samples was prepared,
such that the samples were thin sheets of rectangular shape with dimensions of 200 mm X 50
mm X 1 mm. In this configuration, 60% of strain was attained during tensile loading. Cell
adhesion on these samples was imaged by a fluorescent microscope after 24 hours of incubation

time (Figure 2.10): the number of cells attached to the deformed samples was markedly higher
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than the number of cells attached to the undeformed samples. ATP-based luminometric viability
measurements showed 5.33 £ 0.96 fold greater cell viability on the 60% deformed sample in
comparison with the undeformed samples. While the deformation strain and cell viability did not
linearly correlate, cell attachment and viability reached the highest levels on the most deformed

samples, i.e. at 60% strain, for the U373 cells.

undeformed

Figure 2.10. Fluorescent microscopy images of the undeformed samples ((a) and (b)), and those
deformed up to 35% ((c) and (d)) and 60% ((e) and (f)). The lower row shows high
magnification areas from the overviews shown in the top row.

Higher viability and enhanced adhesion behavior of the cells were previously correlated
with the increase in the groove size and roughness upon deformation [2,5]. Specifically, the
denser and larger valleys and peaks due to plastic deformation led to larger groove size and
enhanced roughness, and the largest plastic deformation catalyzed the maximum cell adhesion.
Furthermore, as the groove size and surface area become enlarged, the cells adhere on the surface
with covering the entire groove [5,29] possibly through the adsorption of the actin binding
proteins needed for the cell attachments in these grooves [6]. The current set of results align well

with these previous observations, however; none of these works explored the role of micro-
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deformation mechanisms, namely twinning and slip, as well as their interactions, on the cell
response to the metallic surface. The current findings demonstrate that the micro-deformation
mechanisms indeed dictate both the surface roughness and the cell response to the metallic
surface, and constitute the primary parameters in optimizing the cell attachment and viability:
cells spread on the surface more extensively and exhibited the cytoplasmic extensions which also
made the interconnection of the cells possible. In addition, the high energy of the twin-slip

interaction sites eased the cell attachment as the cells spent less energy for attachment.

These arguments imply that surface roughness can be directly controlled by micro-
deformation mechanisms, i.e. slip and twinning. In particular, adjusting the relative activities and
volume fractions of these mechanisms can have a similar effect to that of surface modification
techniques to obtain the ideal surface roughness for the cell attachment [12]. For instance, the
regions marked with the yellow circles in Figure 2.4 show similarity with the shape of the
grooves. Cells can form focal attachment points on these regions, which can enhance the
adhesion [6,10,13,29,31]. This, in turn, implies that cell adherence on an implant surface can be
improved further by optimizing the surface topography through facilitation of the corresponding

twinning activity during manufacturing of the implant.

It was also noted that culturing of the cells on the deformed steel samples was more
favorable than seeding them on undeformed samples in terms of their attachment efficiency and
viability. This also suggests that deformed steel samples are more biocompatible, allowing for
efficient interaction with surrounding cells 7z vivo, which is consistent with previously published
work on the relation of osteoblasts [13] or human dermal fibroblasts [45] with artificial material
surfaces. Despite these encouraging implications, the current set of results also warrants further
investigation to better understand the individual roles of the micro-deformation mechanisms and

their interactions, which can eventually open a new venue for the selection and production of the
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implant materials that are most favored by the cells of the surrounding tissue, and ensure an

improved clinical treatment.

2.4 Conclusions

Cell viability and adhesion behavior of U373 brain tumor cells were investigated on 316L
stainless steel samples that were deformed to strains of 5%, 15%, 25% and 35% in order to
facilitate varying degrees of micro-deformation mechanism activities. Confocal laser scanning
microscopy (CLSM) showed that surface roughness increased concomitant with the plastic
deformation, and the topographical representation of the height images obtained from grain
boundaries, twinned regions and slip lines revealed that all of these microstructural features have
a direct influence on the surface topography. CLSM and field emission scanning electron
microscopy (FESEM) results demonstrated that increased deformation enhanced both cell
adhesion and filopodial extension of the cells, indicating the affinity of the cells to the surface.
Specifically, the cells spread more on the surface by also interconnecting with the other cells, and
slip-twin interactions can create high energy sites, which could further catalyze cell adhesion or
deposition of biological molecules. Moreover, the maximum viability was obtained upon
culturing the cells on the samples that were plastically deformed the most. Overall, the current set
of results both warrants further elaboration on the individual roles of the micro-deformation
mechanisms and their interactions on the cell response to the metallic surface, and opens a new
venue for the selection and production of implant materials that will ensure improved clinical

treatments relying on metallic implants.

In order to understand whether a different cell type would react in a similar way or not
this study was followed by analyzing the viability and adhesion behavior of fibroblast cells on the
plastically deformed steel samples. The findings of this study will be explained in detail in the

next chapter.
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3. THE EFFECT OF PLASTIC DEFORMATION ON THE VIABILITY AND
ADHESION BEHAVIOR OF DIFFERENT CELL TYPES IN METALLIC
IMPLANT MATERIALS

The analysis on cell viability and adhesion behavior of the brain tumor cells was explained
in the previous chapter. Figuring out the significant improvement in the cell response, the author
wanted to find out if another cell type would present a similar result. In order to elucidate this
question the fibroblast cells were seeded on the plastically deformed samples and their response

was compared with the brain tumor cells.

3.1 Introduction

The use of the first metallic implants dates back to more than a century ago and they were
primarily used for the repair of bone fractures [1]. Advances in the manufacturing methods and
development of novel materials have paved the way for the introduction of metallic biomaterials
into numerous applications, such as orthodontics, cardiovascular surgery and cranioplasty [1,2].
Stainless steel, titanium and its alloys, and cobalt-chrome alloys have widely been the material of
choice in these applications [2] as they can satisfy some important mechanical, physical and
chemical properties, such as high strength, fracture toughness and biocompatibility, good

formability and resistance to corrosion and wear [2,3].

Among the aforementioned properties, biocompatibility of an implant has a crucial role in
the overall success of the treatment since it directly influences the cell response on the implant
material [2]. Specifically on a biocompatible material, cells can attach and spread through the
formation of focal contacts which facilitates mechanical connections between the cell surface and
extra cellular matrix (ECM) [4]. The formation of the focal contact points is mediated by the
main receptor protein integrin, which regulates cell adhesion on the implant surface by the
transduction of the biochemical signals through outside-in and inside-out mechanisms [5]. This

bi-directional signaling controls wound healing, survival, proliferation, motility and differentiation
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of the cells [5]. In addition, a good assembly of the adhesion proteins prevents chronic
inflammation, or any impairment of cellular or tissue functions [6]. The overall cell response on
the material surface plays a vital role for the implant treatment and needs to be improved to
promote a better tissue-implant integration [2]. In order to enhance the cell response, the implant
surface needs to satisfy specific conditions, such as optimized topography, roughness, wettability
or high surface energy [2]. Numerous studies have been carried out to improve the cell viability
and adhesion behavior on the implant surface through the modification of these properties
induced by acid etching, machining, lithography or polishing [7—-10]. However, these studies have
merely focused on the changes of the macroscopic features on the implant surface. Thus the
insufficient information about the effects of microstructural evolution on the surface properties

and cell response has motivated the authors to carry out the current study.

In this study, the relation between the plastic deformation and cell response was analyzed
on the austenitic 316L stainless steel samples, which were deformed by tensile loading up to 5
different strains: 5, 15, 25, 35 and 60%. Due to plastic deformation, activation of slip and
twinning mechanisms in different volume fractions were observed. Two types of cell lines,
namely U373 glioblastoma and BJ fibroblasts, were seeded on these samples in order to
determine the responses of different cells on the material. Atomic force microscopy (AFM),
confocal laser scanning microscopy (CLSM) and secondary electron microscopy (SEM) analyses
showed that surface was distorted significantly with the increasing plastic strain, which led to a
surface topography with denser grooves, valleys and peaks, and thus greater surface roughness.
The activated slip and twinning mechanisms enhanced the adhesion and spreading behavior of
the U373 cells by providing regions with greater surface energy. Specifically, U373 cells exhibited
filopodial extensions on the deformed samples, which enhanced the surface adhesion of the cells.
Conversely, fibroblast cells did not attach and spread as good as tumor cells, which might stem
from the greater surface roughness or cell size that limited the formation of focal contacts in the

larger groove size. These results show that cell behavior on the implant surface can be enhanced
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by the manipulation of the microstructure and surface topography of the implant material.
Furthermore, this method can be utilized to improve the biocompatibility of the material, shorten
the recovery period after surgery and decrease the possible complications that patient can

encounter with.

3.2 Experimental Details

The 310L stainless steel tensile test specimens used in this study were cut in thin plate
shape with electro-discharge machining (EDM). The specimens were ground with 400, 800, 1200
and 2500 grit SiC papers, and polished with the diamond abrasives with the particle sizes of 6um,
3um and 1pm. Polishing was repeated until a shiny metallic surface free of scratches or marks
was obtained. In order to observe the microstructural features on the samples they were etched
with a solution containing 200 ml distilled water, 200 ml HCI (with a concentration of 32%), 20
ml HNO, (with a concentration of 65%) and 0.6 ml Vogel's inhibitor which was prepared at a
working temperature of 70°C. These etched samples were plastically deformed with a servo-
hydraulic tensile test machine up to five different strain values: 5, 15, 25 and 35%. For the cell
viability measurements, a different sample geometry was utilized to attain the strain value of 60%,
such that cell viability could be observed in an extreme plastic deformation. This wide range of
strain values promoted the activation of the micro deformation mechanisms in different volume
fractions, such that in each sample slip, twinning or their interactions were observed in different
degrees. Thereby, the effect of microstructural evolution on the cell behavior was analyzed in
more detail. The gauge sections of the samples subjected to the tensile test were cut by EDM to
fit in the well plates. Crystallographic structure of the samples were analyzed via X-ray diffraction
(XRD) with CuKa radiation, step size of 0.02°, count time of 1 second per each step, accelerating

voltage of 30kV and current of 10mA.

The surface topographies of these samples and micro deformation mechanisms were

analyzed in detail via scanning electron microscopy (SEM), confocal laser scanning microscopy

43



(CLSM) and atomic force microscopy (AFM) in order to comprehend the alterations resulting
from the plastic deformations of different levels. The stainless steel samples were analyzed by
SEM both prior to and following the seeding of the cells. Prior to seeding the cells, the surfaces
of the samples were analyzed with SEM at a magnification in the range of 300 — 5000 X, under an
accelerating voltage of 7 kV, current of 30 pA, and within a working distance of 6 — 7 mm. The
SEM images of the cell-seeded steel samples were captured at a magnification of 300 — 4000 X,
under an accelerating voltage of 3 kV, current of 30 pA and within a working distance of 6.3 — 8
mm. Surface roughness (Ra) of each sample was evaluated with CLSM by averaging the five
different regions (100um x 100um) on the sample surface in the magnification of 50 X. AFM
images were recorded at a tapping mode in air utilizing an antimony (n) doped silicon cantilever
with a rotated tip with an 8 nm radius. The linear scanning rate was set to 1 Hz (1 line/s) and the

scanning area of 20pm x 20um.

In order to determine the cell adhesion and viability behavior on the implant surfaces,
two different cell types were used in this study: BJ fibroblast and U373 glioblastoma (brain
tumor) cells. These cells were obtained from the American Type Culture Collection (ATCC) and
grown in standard culture conditions in DMEM supplemented with 10% FBS and 1% Penicillin-
Streptomycin (Gibco). Cells were then engineered to express green fluorescent protein (GFP)
using retroviral transduction [11]. Accordingly, cells were transduced with pBabeGFP viral
patticles in medium containing protamine sulfate (10 mg/ml) at a multiplicity of infection (MOI)

of 1.

After completing the surface analyses, the steel samples were sterilized with an autoclave
and each sample was placed into one well in a 24-well tissue culture plate (Costar). Then brain
tumor and fibroblast cells were seeded on each well (1 X 105 cells/well) containing 1 ml growth
medium and were incubated at 37°C. After 24 hours, the steel samples with the attached GFP-

positive cells were analyzed with fluorescence microscopy. ATP-based cell viability assay was
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used to measure the number of cells attached onto the steel surface. Accordingly, Cell Titer-
Glo® (CTG) Luminescent Cell Viability Assay (Promega, USA) was modified to measure cell
viability on the steel samples. A mixture containing 30 pul CTG reagent and 300 ypl DMEM was
added into each well. After an incubation period of 10 minutes 100 ul of cell and CTG mixture

was transferred to a 96-well plate and was measured by a luminometric plate reader (Synergy H1

Reader, Biotek, USA).

3.3 Results and Discussion

The adhesion behavior and viability of the brain tumor and fibroblast cells were investigated
on the 316L stainless steel samples which were subjected to the tensile loading up to 5 different
strains: 5, 15, 25, 35 and 60%. Before seeding the cells steel samples were analyzed via XRD,
AFM, CLLSM and SEM in order to obtain information about their microstructural and surface
properties. X-ray diffraction pattern in Figure 3.1 shows that crystal structure of these samples

consists of austenite phase.
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Figure 3.1. X-ray diffraction pattern of the 316L stainless steel.
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SEM analyses exhibited the significant effect of the plastic deformation on the surface
topography, such that the undeformed sample presents a planar surface while the surface
topography of the 35% deformed sample is distorted severely concomitant with the formation of
denser slip and twinning mechanisms (Figure 3.2). Surface roughness measurements of the
samples via CLSM showed that average surface roughness (R,) of the %35 deformed sample was
14 fold greater than the undeformed one, affirming the influence of plastic deformation on the

surface topography.

Figure 3.2. SEM images of the (a) undeformed and (b) 35% deformed 316L stainless steel
samples.

The activated micro-deformation mechanisms were analyzed in more detail with AFM, SEM
and CLSM in order to understand the alterations on the implant surface due to slip and twinning.
The significant effect of the twinning on the sample deformed up to 35% strain was observed via
AFM, and is presented in Figure 3.3. The 3D image of the surface topography and the line profile
obtained from a twinned region clearly shows the distortion due to plastic deformation.
Specifically, the abrupt change on the surface topography due to twinning creates a groove shape
which significantly affects the surface roughness. The CLSM analysis carried out on the same
sample is presented in Figure 3.4. The line profile image shows that the surface topography was
significantly influenced by the activation of slip mechanism as evidenced particularly by the step-

like structure.
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Figure 3.3. AFM images of the sample deformed up to 35% strain captured with (a) 3D image
and (b) amplitude error channel. The bottom image (c) represents the line profile obtained from
the twinned region.
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Figure 3.4. (a) Laser (b) and height images (topographic representations of the surface heights)
of the slip lines within a grain in the sample deformed to 35% strain. (c) The line profile shows
the step-like increase of the surface height by the slip lines within the region marked in (a) and
(b). The color bar shows the surface roughness defined in terms of peak distance values along the
normal to the surface (in pm).
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After completing the surface characterization of the steel samples two different cells
(brain tumor and fibroblast cells) were seeded on the samples to observe the response of
different cells on the same implant material. Adhesion and spreading behavior of these cells were
analyzed with SEM and CLSM analyses. CLSM image of the brain tumor cells in Figure 3.5
shows that these cells were able to attach and spread on the 35% deformed sample with more
number of cells than on the undeformed sample. These cells also formed the intercellular
attachments, which play a prominent role in the development and maintenance of tissue structure

[12].

— 50um

Figure 3.5. CLSM images of the brain tumor cells seeded on the (a) undeformed and (b) 35%
deformed stainless steel sample.

The SEM images of the brain tumor and fibroblast cells on the steel samples deformed
up to 60% (Figure 3.6) demonstrated a more spread morphology of the brain tumor cells.
Specifically, the filopodial extensions encircled in red were excessively present in the tumor cells
which contain integrin proteins catalyzing the formation of focal contacts, and promoting cell
adhesion and migration [15]. The viability analysis of these two different types of cells showed
that brain tumor cells exhibited greater cell viability on the sample deformed up to 60% as
compared with the undeformed sample (Figure 3.7). The viability results of the fibroblast cells are
not presented in the results because they did not exhibit a regular trend with increasing plastic

deformation.
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Figure 3.6. SEM images of the (a) brain tumor and (b) fibroblast cells on the stainless steel
samples deformed up to 60%.

Undeformed

Figure 3.7. Fluorescent microscopy images of the brain tumor cells seeded on the 316L stainless
steel undeformed sample (a), and those deformed up to 35% (b) and 60% (c).

The microscopy investigations of the implant surface in parallel with the cell response
showed that the plastic deformation induced micro-deformation mechanisms improved the cell
viability, attachment and spreading of the brain tumor cells, particularly by distorting the surface
topography and enhancing the surface roughness. Specifically, valleys and peaks with the great

surface energy catalyzed the formation of focal contacts by accumulating the ECM molecules
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within these grooves [14]. By the formation of focal contacts cells were able to attach on the
metal surface and motility was initiated through the interaction with the actin cytoskeleton [13]
which constitutes importance for the wound healing, proliferation and migration [15]. In
addition, twinning and slip mechanisms played significant role on the cell response owing to their
great surface energy, which eased the accumulation of ECM molecules, as well promoting the
formation of the focal contacts [2,16,17].

It should also be noted that the response of the fibroblast cells did not exhibit a significant
change with the increasing plastic strain. The difference in cell viability, adhesion and spreading
behavior of these two cell types can be associated with the size of the fibroblast, which might
have failed to form focal contacts due to larger groove sizes or greater surface roughness [18]. In
addition, the ECM molecules expressed by the fibroblast cells may have not formed a good
attachment on the deformed samples due to weak adhesion strength between the substrate and
the cells owing to the physical and chemical properties of the implant material [19]. This result
shows that, in order to achieve a successful implant treatment, microstructural properties and
surface topography of the implant materials need to be tailored to provide the optimum cell
response in the specific body location where the implant is placed. It should also be noted that
the unique composition and topology of ECM in each different tissue [20,21] necessitates the
manufacturing of tissue-specific implants by also considering the physical, chemical and
mechanical properties of the material, instead of implanting the same material in different body
locations. Thus, the manufacturing of implants by the selection of the most suitable material for
the cell type that the metal will interact with throughout the treatment will improve the tissue-
implant integration. Thereby, the implantation would cause less impairment of cellular functions
and postsurgical complications, which would overall enhance the life quality of the patient and

the success of the treatment.
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3.4 Conclusions

Adhesion, attachment and spreading behavior of the brain tumor and fibroblast cells
were investigated on the 316L stainless steel samples deformed up to different strains which
triggered the activation of micro-deformation mechanisms in varying degrees. Surface
characterization and microscopy analyses showed that surface topographies of the samples were
heavily influenced by the micro-deformation mechanisms, which specifically increased the
average surface roughness and distorted the surface topography. Higher surface energy of the
twinning and slip mechanisms promoted the adhesion of ECM molecules on the implant surface
and formation of focal contacts. Specifically, tumor cells exhibited a greater viability and adhesion
behavior on the sample with greatest plastic deformation. Filopodial extensions formed by these
cells showed the higher affinity of the tumor cells on the deformed samples. Conversely,
fibroblast cells did not exhibit enhanced cell response on the deformed samples, which might
stem from the size of these cells or the failure of the adhesion of ECM molecules secreted by the
fibroblast cells. These results show that surface and microstructural properties can be
manipulated through the activation of micro deformation mechanisms and the ideal implant
material specific for a body location can be manufactured. Thereby, enhanced cell adhesion and

viability can be achieved which would lead to a more successful treatment.
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4. INVESTIGATION OF THE DISSOLUTION - REFORMATION CYCLE OF
THE PASSIVE OXIDE LAYER ON NITI ORTHODONTIC ARCHWIRES

Having thoroughly understanding the relationship between the viability and adhesion
response of different cells and the microstructure of the implants, the author wanted to better
understand the parameters affecting the biocompatibility of the implants. Protective oxide layer
covering the material surface was shown to play a critical role in the literature since its presence
directly influences toxic Ni ion release. Researches showed that due to the corrosive environment
of the intra oral environment oxide layer goes through a dissolution-reformation cycle which

motivated the author of this thesis to carry out the experiment to be explained in this chapter.

4.1 Introduction

The Nickel-Titanium (NiTi) shape memory alloys (SMAs) have been employed in
biomedical applications at an increasing rate within the last decades owing to their superior
thermo-mechanical properties [1-10]. Specifically, the NiTi alloys can assume two distinctly
different shapes by means of solid-to-solid phase transformation between austenitic and
martensitic phases upon temperature change or loading [2,5,8—11], opening the venue for their
utility in various dental, cardiovascular and orthopedic applications [2,7].

One of the well-known applications is the orthodontic archwire, which benefits from the
pseudoelastic property of NiTi [2,5,7,9]: austenite-to-martensite phase transformation upon
loading allows for attaining a state of constant stress for a relatively wide strain range [2,7,9,11],
which eliminates the need for frequent readjustments of the orthodontic arch wire to keep the
stress at an optimum level for simultaneous tooth movement and periodontal tissue regeneration
despite the changing strain on the wires [9]. Shape memory gloves which are used for the
physiotherapy of partially atrophied muscles benefit from another important property, namely the
two-way shape memory effect, such that the natural motion of a hand is mimicked with the wires

placed in the regions over the fingers which contract and stretch by heating and cooling [5,12].
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Consequently by the assistance of this glove the activity of the injured hand is maintained and the
original hand motion would be promoted [12].

Even though the NiTi alloy has been employed as a material of choice in various
biomedical applications, biocompatibility related issues have constituted a significant concern and
continue to come under focus in various studies [1-10,13]. In particular, when NiTi alloys are
implanted in the body they are attacked by the aggressive ions of the body fluids, such as
chlorides, hydrocarbonates or sulfates [14]. For instance, the high concentration of chloride ions
in the saliva can cause pitting corrosion on the surface, which would further damage the material
though the bulk and enhance the release of Ni ions in greater amounts [14—106]. As a result of
corrosion assisted ion release the biocompatibility of the alloy, and thus, the success of the
treatment could be significantly altered. In addition, stress corrosion cracking (SCC) constitutes
another complication for the orthodontic treatments, such that when the archwires are loaded or
archwire-bracket contact sites develop excessive stress along with the corrosivity of the saliva, the
cracking of the archwires, and thereby the release of toxic Ni ions are enhanced [17,18]. When
the amount of Ni ion release reaches a critical value of 0.12-0.5 mg/L, setious toxic, catcinogenic
and allergic effects may prevail, necessitating additional treatment [2,8].

Recently, evidence has been forwarded demonstrating that the Ni ion release is dictated
by several parameters, including the body location where the NiTi implant comes into contact
with tissue, surface morphology of the implant material, and the passive oxide layer on the alloy
surface [8,9]. Among these parameters, the passive oxide layer plays a critical role since it
influences the Ni ion release, which in turn affects the biocompatibility of the implant [2,6].
Thermodynamically, formation of titanium oxide is favored over that of nickel oxide since
titanium oxidizes more easily, and particularly forms titanium dioxide, which is stoichiometrically
the most favorable oxide on the alloy surface [8,9]. Indeed, the surface of NiTi implants is usually

covered with a protective oxide layer during the manufacturing process to prevent ion release [2].
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However, this protective layer does not constitute a thorough prevention against ion release since

it can possess cracks or defects which can be acquired during manufacturing or service [2,4].

Surface roughness of the archwires has also been reported to be an important parameter
since it affects the biocompatibility of the material, friction between the archwire and the
brackets, and the efficient sliding mechanism, all of which dictate the success of the orthodontic
treatment [17,19,20]. For instance, the archwire-bracket contact sites possessing greater surface
roughness than the remaining parts of the archwire, which are not in direct contact with the
brackets, significantly increase the friction force and hinder an efficient arch-guided tooth
movement [17,19]. In this case, application of greater forces on the wires becomes necessary for
the remainder of the treatment, yet this can result in the undesirable SCC leading to significant Ni
ion release [17].

Growth of the passive oxide layer during service, and its correlation with Ni ion release
rate and the biocompatibility of NiTi implants have been addressed in various immersion studies
[2,8,10]. An excess amount of Ni release was reported on the second day of an immersion
experiment as opposed to significantly smaller amounts in the later stages of the experiment [8].
Particularly, an oxide layer forms on the outer layer mostly with Ti depleted Ni, and the initially
dissolved Ni ions start to form compounds with the Ti ions beneath the oxide layer during the
later stages of the immersion, which results in the decrease of the Ni ion concentration in the
culture media [8].

The passive oxide layer does not grow monotonously in an immersion experiment.
Depending on the pH of the environment, a dissolution-reformation cycle may take place,
dictating the instantaneous thickness of the oxide layer, Ni release rate and the biocompatibility
of the implant material [2,21]. When the oxide layer dissolves faster than it reforms, the rate of
ion release increases owing to the weaker protection provided by the thinner oxide layer [2]. On
the other hand, a reformation faster than the dissolution yields a thicker oxide layer and a nickel

rich oxide-metal interface [4,13]. A thicker oxide layer exhibits a more brittle behavior as
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compared to a thin oxide layer, and thus, promotes formation of defects or cracks, both of which
can eventually result in more severe Ni ion release [4,13]. Therefore, the oxide layer on the
implant material needs to meet important criteria, such as minimum toxic Ni ion release and
lowest corrosion rate to achieve a successful treatment. Consequently, the dissolution-
reformation cycle constitutes one of the major parameters influencing the biocompatibility of the
implant, and lack of knowledge about this cyclic alteration warrants further investigation.

The dissolution-reformation cycle of orthodontic applications depends strongly on the
pH of the saliva [18,22,23]. Saliva with acidic pH values (pH<7) is more corrosive and can attack
on the archwire surface resulting in Ni ion release from the archwire into the intra oral cavity.
Natural saliva exhibits varying pH values depending on the changing saliva flow rate, which is
affected by age, genetic heritage, dietary habits, exercise and medication [24-27]. While the
normal pH values are between 6.2-7.4, values as low as 2.0-2.5 are also possible [26—28]. The
current study was undertaken with the motivation of understanding the dissolution-reformation
cycle of the oxide layer on NiTi archwires in detail, and establishing its relationship with the Ni
ion release from the alloy. For this purpose, static immersion experiments were carried out,
where NiTi orthodontic archwires were immersed in artificial saliva (AS) solutions with different
pH values simulating various possible intra oral environments. Dissolution-reformation cycle of
the oxide layer was investigated on the archwires immersed in AS solution with a 2.3 pH value
for 1, 7, 14 and 30 days since this particular AS solution represents the most corrosive intra oral
environment. The current findings demonstrate that the protective titanium oxide layer on the
NiTi archwires immersed in the AS with a pH of 2.3 undergo a dissolution-resolution cycle that
complies well with the ion release into the solution within the first 14 days of the immersion
period. Furthermore, the current results also point at the necessity of eliminating any alterations
to the surface roughness and topography of the archwires during manufacturing in order to

ensure the biocompatibility of archwires and provide an efficient treatment for the patients.
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4.2 Experimental Details

Dissolution-reformation cycle of the passive oxide layer on the NiTi samples was
investigated by utilizing static immersion experiments. The NiTi specimens used in this study
were orthodontic archwires' having a chemical composition of 54.5-57 wt. % Ni [29] and an
austenite finish temperature within the range of 20 - 40 ° C (as specified by the manufacturer).
Prior to the immersion, they were cleaned in an ultrasound bath with ethanol in order to remove
dirt, dust or metallic powder that may have been left on the surface. The native oxide layer on the
NiTi sample surfaces was not removed since the implants employed in human body also possess
this protective layer. For the immersion experiments, intraoral environment was simulated by

artificial saliva (AS) which was prepared with the chemicals listed in Table 4.1.

Table 4.1. Chemical