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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 situ 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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ÖZET 

 

Bu tezde disiplinler arası uygulamalarda kullanılan üstün özellikli metal malzemeler 

mikroyapı ve mekanik özellikleri ilişkilendirilerek derinlemesine incelenmiştir.  Bu amaçla yapısal 

ve biyomedikal alanlarda kullanılan malzemeler mekanik testler ile deforme edilmiş ve mikro yapı 

evrimleri farklı mikroskopi teknikleri ile incelenmiştir. Ayrıca incelenen bu özellikler implant 

malzemelerin biyouyumluluklarının değerlendirilmesine de dahil edilmiştir.  

Öncelikle, farklı gerinimlere deforme edilmiş potansiyel implant malzemelerde mikro yapı 

evriminin hücre davranışına olan etkisi incelenmiştir. Yapılan mikroskopi analizleri beyin tümörü 

hücrelerinin en iyi yapışma ve canlılığı en yüksek gerinime deforme edilmiş, kayma ve ikiz 

mekanizmalarının etkileşiminin fazlaca görüldüğü örnek üzerinde sergilediğini göstermiştir. 

Özellikle bu etkileşimin sağladığı yüksek enerji sayesinde hücre yapışmasında görev alan 

proteinlerin implant yüzeyine yapışması kolaylaşmıştır. Bu çalışma implant malzemelerin mikro 

yapılarının değiştirilmesiyle daha iyileşmiş hücre davranışı ve buna bağlı olarak daha başarılı bir 

tedavi elde edilebileceğini göstermiştir. Bu çalışma farklı hücre tiplerinin de aynı sonucu verip 

veremeyeceğini incelemek amacıyla başka bir hücre tipiyle devam ettirilmiştir. Beyin tümörünün 

aksine fibroblast hücreleri plastik deformasyonla paralel olarak gelişmiş bir hücre davranışı 

göstermemiştir. Bunun nedenleri arasında ECM proteinlerinin yapışmasındaki başarısızlık veya 

hücre boyu veya yüzey pürüzlülüğünün uyumsuzluğu gösterilebilir. Bu çalışma implant malzeme 

seçiminin metal malzemenin temas edeceği dokuya özel olarak seçilmesi gerekliliğini göstermiştir. 

Metal malzemelerin biyouyumluluklarını etkileyen tüm parametrelerin anlaşılması amacıyla 

daha detaylıca incelemeler yapılmıştır. Özellikle Nikel-Titanyum (NiTi) diş tellerindeki gerçek 

yükleme koşullarının ex situ deneylere dahil edilmesiyle oluşan gerilimli korozyon çatlakları 

nedeniyle Ni iyon salınımındaki artış gösterilmiştir.  Diş teli ve braket temas noktalarında biriken 

gerilim asidik ortamın aşındırıcı etkisiyle birlikte tel yüzeyinde çatlaklara neden olmuştur. Bu 

çalışmanın devamında diş tellerinin yüzeyindeki koruyucu oksit tabakasının çözünme-yeniden 
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oluşma döngüsü incelenmiştir. Sonuçlar Ni iyon salımının oksit tabakasının çözünmesiyle arttığını 

ve yeniden oluşmasıyla azaldığını göstermiştir. Bu çalışmalar malzemelerin biyouyumluluklarının 

değerlendirilmesinde gerçek kimyasal ve yükleme koşullarının ex situ deneylere katılmasının ve 

koruyucu oksit tabakasının detaylıca incelenmesinin gerekliliğini göstermiştir. 

Metalik implant malzemelerin biyouyumluluklarının detaylıca değerlendirilesinin ardından 

yük altında karmaşık kayma ve ikiz mekanizması aktivitesi gösteren malzemelerin mikro yapı ve 

mekanik özelliklerini anlamak için ilave deneyler yapılmıştır. Bu amaçla çok taneli ve tek taneli 

metal örnekler tane sınırı etkileşimleri etkisi altında ve tane sınırı olmayacak şekilde test edilmiştir. 

Bu çalışmalar kayma mekanizmasının ikiz mekanizması ile engellendiğini, birincil ikizlerin içinde 

oluşan nano ikizler sayesinde malzemelerin güçlendiğini ve bunların sayesinde malzemelerin daha 

yüksek miktardaki deformasyona dayanabildiğini göstermiştir 

Bu tezde yapılan çalışmaların sonuçları malzemelerin mekanik özelliklerinin iyi bir şekilde 

anlaşılabilmesi için mikro yapılarının detaylıca incelenmesi gerektiğini göstermiştir. Ayrıca metalik 

implantların biyouyumluluk değerlendirilmelerinde mikro yapı ve mekanik özelliklerin dahil 

edilmesinin büyük önem taşıdığı belirtilmiştir. 
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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 50µm. (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 situ 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 
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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, 
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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 

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

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

 

 

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). 
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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].  
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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]. 
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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.  

 

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: 

 

where  is the applied shear stress,  is the shear modulus,  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 



 

8 
 

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  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.  

 

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 Burger’s vector of a full 

dislocation in the FCC material is b = a/2<110> as shown with b1 in Figure 1.4.  
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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 b2 

and b3. 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, 1+2, 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 (b2
2 + b3

2 = a2/3) 

which is energetically favorable than the perfect dislocation (b1
2 = a2/2). Possible Shockley 

partials in FCC crystal are presented in Figure 1.5. 
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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-2.    

 

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.  

 

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. 

 



 

13 
 

 

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.  
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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 µm 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 

either 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 316L 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 0.6μm, 0.3μm and 0.1μm 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 HCl (32%), 20 ml HNO3 (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 0.1μm 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 × 10 mm × 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 × and 150 × 

magnifications. The average surface roughness (Ra) values of the samples were evaluated utilizing 

the scans carried out at 50 × magnification, and by taking the average of scans obtained from 5 

different areas with a scan area of 50μm × 50μm 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 µm × 13 µm.  

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 × 105 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 μl CTG reagent was mixed with 300 μl DMEM, 

and this mixture was added into the well on the metal sample.  After a 10 minute incubation 

period, 100 μl 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).  

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

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

 

 

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 µm 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 z axis (in μm). 

 

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 clearly 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. 

 

 

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 z axis (in μm). 

 

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 μm). 

 

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 properly 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 μm). 

 

  

 

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 × 50 

mm × 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.  

  

 

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 in 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 316L 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 6μm, 

3μm and 1μm. 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 HCl (with a concentration of 32%), 20 

ml HNO3 (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 CuKα radiation, step size of 0.02⁰, 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 
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(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 ×, 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 ×, 

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 (100µm x 100µm) on the sample surface in the magnification of 50 ×. 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 20µm x 20µm.  

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 

particles 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 × 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 μl CTG reagent and 300 μl DMEM was 

added into each well. After an incubation period of 10 minutes 100 μl 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, CLSM 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.  

 

 

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 (Ra) 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.   

 

 

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 μm). 
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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]. 

 

 

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%. 

 

 

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 [14–16]. 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, serious toxic, carcinogenic 

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 archwires1 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 content of the artificial saliva used in immersion experiments. 

 
    

 
 

Ingredients Amount of Ingredients (g/l) 

 

 

NaCl 0.4 

 
KCl 0.4 

 
CaCl2•2H2O 0.906 

 
NaH2PO4•2H2O 0.690 

 
Na2S•9H2O 0.005 

 
Urea 1 

  

 These chemicals were mixed in a beaker with deionized water and the solution was heated 

up to and kept constant at body temperature (37°C) by a hot plate stirrer. These solutions were 

prepared with three different pH values, namely 2.3, 3.3 and 4.3, with the intention of better 

understanding of the corrosive effect of the different acidic pH values on the NiTi archwires. 

                                                           
1
3M Unitek Nitinol heat-activated archwires with 0.36 mm diameter were used in the experiments. 
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The acidity of the solutions was adjusted by adding 1M HCl slowly. Dissolution-reformation 

cycle was investigated on the orthodontic archwires immersed in the solution with the pH value 

of 2.3 for 1, 7, 14 and 30 days of immersion periods which will be referred to as D1, D7, D14 

and D30 throughout the text, respectively. A different set of experiments was carried out by the 

immersion of NiTi archwires in the AS solutions with the pH values of 2.3, 3.3 and 4.3 for 30 

days long in order to evaluate the overall oxide layer thickness dependence on the acidity of the 

intraoral environment. Each archwire sample was immersed in a certain amount of AS solution 

which meets a predefined solution volume per surface area ratio of 20mL/cm2 [30]. Throughout 

the immersion experiments, samples were kept in separate sealed tubes and placed into an 

electronically controlled water bath which sustained the body temperature.  

The surface topography of each sample was monitored with field emission scanning 

electron microscopy (FESEM, Ultra Plus, Zeiss, Germany) both prior to and following 

immersion experiments. The samples were investigated with 5 kV of primary electron energy to 

avoid charging and surface damage. The samples were not coated with a thin conducting layer. 

The images were taken with two different detectors simultaneously and displayed on split screen 

mode, such that one part of the image was recorded by the in-lens detector which detects 

primarily SE1 type secondary electrons, enhancing the material contrast. The other part of the 

image was recorded by the Everhart-Thornley secondary electron detector, which detects 

SE1+SE2+SE3 type secondary electrons and is sensitive to surface morphology. 

The surface chemical composition and depth profiles of samples were analyzed by X-ray 

photoelectron spectroscopy (Thermo Scientific K-alpha XPS). In order to achieve a statistical 

consistency, XPS results were collected from 3 different points on each sample. The XPS system 

had a monochromatic aluminum target micro-focus X-ray source (1486.7 eV). The samples were 

taped to the edge of the sample holder so that 10 mm segments were suspended freely in air. The 

analyses were carried out with a 300 micrometer X-ray spot size on the suspended regions of the 



 

60 
 

wires to avoid superfluous substrate signals. The spectra were recorded in the so called “snap 

shot” mode where the pass energy was 150 eV and the 128-pixel detector saw the corresponding 

energy spread of electrons. The spectra were later energy deconvoluted with the point spread 

function to reach an effective energy resolution equivalent of 50 eV pass energy, i.e. 0.5 eV. A 

flood gun was used for charge compensation. The base pressure of 1x10-9 mbar rose to 1x10-7 

mbar under operation. The depth profiling was carried out with 2 keVAr+ beam. The spectra 

were referenced for the C 1s signal at 285.0 eV and quantified with Avantage v5 software by 

Thermo Fischer Scientific. The carbon and oxygen regions were fitted with 40/60 

Gaussian/Lorentzian peaks. The high resolution titanium spectra, on the other hand, was 

analyzed with principal component analysis (PCA) due to the complex nature of 

oxide/interface/bulk metal regions and the multitude of sub-stoichiometric species. The nickel 

2p signal (Ni0) was integrated and quantified using the Scofield factor. An estimated 0.14 nm/s 

etch rate was used to convert etch time to depth values. 

Released Ni and Ti ions from the archwires into immersion fluids were detected with ICP-

MS equipped with octopole reaction system helium collision cell for spectral interference 

removal, rather than ICP-OES, considering the µg/L (ppb) level ion detection capability of the 

former. The ICP-MS was operated with MicroMist glass concentric nebulizer, quartz Scott-type 

spray chamber and Ni sampler/skimmer cones. Daily instrumental optimizations were performed 

using 1 μg/L tuning solution for the short-term stability of the instrument. The corresponding 

instrument settings and parameters are provided in Table 4.2.  

 

Table 4.2. ICP-MS operating parameters. 

Number of points per peak 3 Plasma gas flow (Argon) 15L/min 

Replicates 5 Helium gas flow (Collision cell) 4.3ml/min 

Sweeps/replicate 100 Carrier gas flow (Argon) 1L/min 

Integration time per mass 0.12s Plasma Forward Power 1550W 

 
 



 

61 
 

Surface roughness of each archwire sample was evaluated by atomic force microscopy 

(AFM). Considering the irregularities on the archwire surface due to manufacturing processes 

AFM images were obtained from the uniform regions which were detected by scanning the 

archwires’ surfaces thoroughly. This technique eliminated the deviations between each 

measurement and provided more reliable surface roughness results. The AFM images were 

captured in the tapping mode in air utilizing an antimony (n) doped silicon cantilever with a 

rotated tip of a radius 8 nm and resonance frequency of 75 kHz. The linear scanning rate was set 

as 1 Hz (1 line/s) and image size was 30 × 30 μm2. The measurements were repeated at least 5 

times for the sake of reliability and statistical consistency, and the surface roughness (Ra) values 

were determined based on their average.  

4.3 Results and Discussion 

 

Biocompatible NiTi orthodontic archwires were subjected to static immersion 

experiments for different durations in AS solutions featuring different pH values, and the ICP-

MS, AFM, SEM and XPS analyses demonstrated prominent differences between the samples 

immersed in different solutions. For instance, Ni and Ti ion releases from the archwires into the 

AS solutions with 2.3 pH were significantly more as compared to Ni and Ti ions released into 

other solutions (Figure 4.1). When the pH of the solution increased from 2.3 to 3.3 the Ni and Ti 

ion release decreased about 16 fold. However, further increase of the AS solution pH to 4.3 led 

to only a very slight decrease in ion release (Figure 4.1). The prominent change in the ion release 

behavior when the pH values increased from 2.3 to 3.3 shows that the AS solution’s pH in this 

range influences ion release behavior drastically and makes the archwires more prone to 

corrosion.  
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Figure 4.1. The concentration of released Ni and Ti ions in the AS solution with the pH values 

of 2.3, 3.3 and 4.3. 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. 

 

The significant effect of the solution pH on the ion release was previously analyzed in 

scientific studies, and the adverse effect of the acidic pH on biocompatibility was pointed out 

[23,31,32]. In particular, analyses of archwires immersed in solutions with a wide range of pH 

values showed that the amount of metal ion release was almost undetectable in the solutions with 

pH ≥ 3.75, which implies that significant ion release takes place especially in the solutions with 

the pH < 3.75 [31]. In the current study, the most significant decrease of the ion release was 

observed in the solutions with the pH < 3.3, however; detectable ion release was prominent 

when pH ≥ 3.3, as well (Figure 4.1). The current results demonstrate that the orthodontic 

archwires are significantly affected by the solution pH and metal ions release is the greatest in the 

most acidic environment. However, it should also be noted that Ni ion released into all of the 

utilized solutions stayed far below the critical Ni level (0.12-0.5 ppm) that may cause allergic 

reactions [17]. The released Ti ions detected by ICP-MS, on the other hand, do not pose any 

threat because they are not cytotoxic as Ni ions, however; the Ti ion presence in the solution 

implies the dissolution of the protective Ti oxide layer, which could eventually lead to enhanced 
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Ni ion release [31]. This argument can be supported by the SEM analysis of the tested samples: 

the SEM images of these archwires which were immersed in the AS solutions with pH values of 

2.3, 3.3 and 4.3 for 30 days are presented in Figure 4.2. The surfaces of the archwires immersed 

in 3.3 and 4.3 pH solutions look rather smooth when compared with the that of the one 

immersed in 2.3 pH AS, which stems from the more aggressive environment imposed by the 

lower pH. Specifically, non-uniform dissolution of the protective oxide layer due to the greater 

acidity of the solution leads to a lower corrosion resistance [3], which, in turn, enhances Ti ion 

release (Figure 4.2), deteriorates the surface and alters the topography (Figure 4.2(a)).  

 

Figure 4.2. SEM images obtained by inlens (the left frame) and SE detectors (the right frame) of 
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.  
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In order to understand the effect of dissolution-reformation cycle of the titanium oxide 

layer on the ion release behavior, a different set of experiments were performed for four different 

time periods (1, 7, 14 and 30 days - referred to as D1, D7, D14 and D30, respectively) in the AS 

solution with a pH of 2.3. The cumulative amounts of Ni and Ti ions released from the archwires 

into this solution were also measured and presented in Figure 4.3.   

 

Figure 4.3. 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. 

 

In order to analyze the net ion release within each immersion interval the ion release 

concentration of the previous time period was subtracted from the following one. . For 

instance, in order to find out the net ion release within the immersion interval of D7–D14, the 

total ion release concentration of D7 was subtracted from the total value of D14. These net ion 

release values are  plotted  in  Fig. 4.4, which are  also presented  in  Table 4.3  in  a  

normalized  fashion  (by  the number of days within each interval) for the sake of obtaining the 

ion release rate within each immersion interval. This table reveals an interesting result, such that 

the ion release rate of Ti ion from D0 to D1 shows a greater value than the Ni ion release rate, 

which might stem from the initial dissolution of protective oxide layer. The Ti ion release rate 

drops between D1 and D7, while that of the Ni ion increases slightly possibly due to weaker 
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protection against corrosion. For both Ti and Ni, the release rate drops significantly after D7. 

Following D14, the ion release rate was lower compared to the release rate of immersion for 

the interval of D0–D7. These results show that the orthodontic archwires were more prone to 

corrosion during the immersion period of D0–D7, and thus the major ion release occurred 

within the  first  7 days  of  immersion, which agrees well with the literature [32]. 

 

 

Figure 4.4. 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. 

 

Table 4.3. The net ion release within each immersion interval and release rate of Ni and Ti 

which was obtained by normalizing the net ion release within each immersion interval by the 

number of the days in each interval.   

       

 
  Ni Ti 

 

  

Time Interval  
(days) 

Net Ion Release  
(ppb) 

Release Rate  
(ppb/day) 

Net Ion Release  
(ppb) 

Release Rate  
(ppb/day) 

   0-1 1.601 1.601 3.634 3.634 

   1-7 11.746 1.958 6.359 1.06 

   7-14 2.715 0.388 2.251 0.322 

   14-30 6.61 0.413 5.96 0.372 
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In order to comprehend the oxide layer dissolution-reformation cycle, XPS analysis was 

carried out on the as-is, D1, D7, D14 and D30 samples (D30 immersed in pH 2.3, 3.3 and 4.3), 

and the corresponding depth profile data is presented in Figure 4.5. The Ti region XPS spectra 

were processed using principal component analysis to identify the oxide, intermediate sub-oxide 

and the metallic moieties. The quantification of these moieties was performed with the Scofield 

factors and plotted as atomic percentages as a function of etching time. The x-axis of this plot 

can be converted to a depth axis, however a reliable etch rate is difficult to assign to different 

species. Nevertheless, an estimated etch rate of 0.14 nm/s can be assigned for Ta2O5 etching 

under these conditions. The plot shows the relative amounts of the oxide, intermediate and 

metallic titanium species on the surface of the species. The ion energy of 500 V was specifically 

chosen not to reduce the titanium +4 species during bombardment and not to yield superfluous 

signal. One can use the following plot to compare the oxide thicknesses of the samples using 

either the maximum amount of the intermediate species or the rising edge of the metallic 

titanium species. We have chosen the initial signal obtained from the metallic titanium which was 

achieved by the bombardment of the archwire surface with the argon ions and removal of the 

oxide layer covering the archwire surface. In order to speculate about the oxide layer thicknesses 

of the archwires the etch time (depth axis) corresponding to the time of the first metallic Ti signal 

acquisition was multiplied by the etch rate (0.14 nm/s). The oxide layer thickness of the days 1, 7, 

14 and 30 was approximately evaluated as 5.64, 1.64, 4.36 and 7.1 nm. The depth profile data of 

the as-is archwire showed a significantly thinner oxide layer than all of the immersed archwires. 

But the sample immersed in AS even for 1 day exhibited a thicker oxide layer than the as-is one. 

This result can affirm that the oxide layer formation due to AS solution-archwire interaction 

started right after the immersion [8]. After D1, oxide layer dissolution was observed on the 

sample immersed in AS for 7 days. After D7, it started reforming again until D14, and thereafter 

it kept increasing until D30 in a more stable manner. It is noteworthy that the oxide layer 

dissolution-reformation cycle follows a trend in the first 14 days of immersion. Accordingly, there 
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might be a decrease in the oxide layer thickness during D14-D21, followed by an increase during 

D21-D30. Since D21 was not included in the current experiments, this aspect was left for future 

work 

 

Figure 4.5. Depth profile data obtained by XPS. 

 

The XPS spectra recorded during the depth profiling of the sample immersed in AS with 

the pH of 2.3 for 30 days is presented in Figure 4.6. The y-scales of the spectra are kept the same 

for each element in 3 panels for direct comparison.  The labels on the left indicate the extent of 

argon ion bombardment with t=0 corresponds to the pristine sample surface. The top surface 

was dominated by Ti oxide with the Ti 2p3/2 signal located at 458.5 eV for the Ti4+ species. The 

O1s region was deconvoluted to 3 peaks, which corresponds to the metal oxide (TiO2, 530 eV), 
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sub-oxide (TiOx<2, 531.5 eV) and surface adsorbed water (533 eV). The nickel 2p3/2 region had a 

very weak signal for the metallic nickel indicating the inertness of Ni and the thickness of the Ti 

oxide on the surface. As the surface etching proceeded (t=50 s), the carbon signal started to 

decrease, and signals from the oxide layer increased accordingly. The Ti region shows the sub-

oxide peaks, as well as weak metallic moiety, while the oxygen region peaks show slight 

enhancement due to the removal of the carbon contamination. The Ni signal increased without a 

change in binding energy, i.e. still in metallic phase. Towards the end of the etching study (t=400 

s), the carbon species still persisted as a weak signal, which indicates that the carbon was actually 

embedded into material during production, surface treatment or due to carbon deposition 

throughout the immersion period in AS solution, which contained urea. The metallic Ni and 

metallic Ti signals dominated the spectra, while some oxygen species still remained. A possible 

reason for tenacious oxygen presence is that the surface was not smooth and may have several 

nano and micro cracks. Therefore, the oxide presence on the surface could be detected even for 

extended periods of vigorous ion bombardment.     

 

Figure 4.6. The XPS spectra recorded during the depth profiling of the archwire immersed in AS 

with a pH of 2.3 for 30 days. 
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In addition to the dissolution-reformation cycle, the oxide layer thickness has also a 

critical effect on the ion release behavior from the archwire into the AS solution, such that when 

the oxide layer dissolves the total amount of ions in the AS solution increases [2]. This can be 

verified by examining the ICP-MS data obtained from the archwires immersed in the AS solution 

for different immersion periods (Figure 4.4). For instance the significant decrease observed in the 

oxide layer thickness from D1 to D7 is noteworthy because dissolution of the oxide layer leads to 

the release of notable amount of Ti ions from the oxide and Ni ions either from the substrate or 

Ni-rich sublayers [4]. After D7, the Ti ions released in the AS solution takes role in the 

reformation of the oxide layer in D14, which explains the decrease of the amount of Ti ions in 

the AS. During this reformation, Ni ions move towards the oxide metal interface where they can 

join the bulk, form different compounds underneath or within the TiO2 layer. In particular, the 

ICP-MS results show that on D1 the total amount of Ti ion is more than that of Ni ions. This 

can be due to the initial release of the Ti ions from the initial protective oxide layer on the outer 

surface of the archwires. Therefore, to attack the Ni-rich layers or substrate, and lead to Ni ion 

release, aggressive chloride ions need to move through the oxide layer and reach underneath. 

However, from D1 to D7, the total Ni ion release exceeded the Ti ion release, which can be 

associated with the stability of the Ti oxide layer [34].  

The surface roughness of the archwires also plays a critical role on their biocompatibility, 

and the efficiency of the medical treatment [17]. Specifically, any irregularities on the archwire 

surface create high energy regions, which become more prone to corrosion, and thus, enhance 

ion release. In order to eliminate this unfavorable ion release, surface uniformity and quality need 

to be ensured [4,35,36]. However, SEM analysis of the as-is archwires demonstrated that 

irregularities and/or imperfections were present on the surfaces, increasing the surface roughness 

and potentially enhancing the corrosion assisted ion release (an example is shown in Figure 4.7).  
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Thus, for an efficient orthodontic treatment and for the sake of biocompatibility, maintaining 

high quality during the manufacturing of the archwires is of utmost importance.  

 

Figure 4.7. The deteriorated portion of surface on an as-is NiTi orthodontic archwire.  

 

Surface roughnesses (Ra) of the archwires which were immersed for 1, 7, 14 and 30 days 

in the AS solution with 2.3 pH, and those immersed in the AS solutions with the pH values of 

3.3 and 4.3 for 30 days were evaluated with AFM, and the corresponding results are listed in 

Table 4.3.  

 

Table 4.3. Surface roughnesses (Ra, in nm) of the archwires immersed in AS with pH values of 

2.3, 3.3 and 4.3 for 1,7,14 and 30 days of immersion periods.  

 
    

     
  As-is Immersion Period (days) 

 
  72.1 ± 3.8 D1  D7  D14 D30 

 

  

S
o

lu
ti

o
n

 p
H

 

2.3 78.2 ± 3.86 81.7 ± 4.3 50.6 ± 4.8 53.1 ± 4.55 

 
  3.3 - - - 51.3 ± 5.62 

 

  
4.3 - - - 56.45 ± 7.2 
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Accordingly, the surface roughness increased slightly when the archwire was immersed in 

the AS solution and subjected to corrosion even only for 1 day which might stem from a weaker 

protection against corrosion because of a thinner oxide layer. Between D1 and D7 Ra continued 

to increase, which verifies the corrosive effect of the AS between D1 and D7. This result is 

compatible with the oxide layer thickness and the ion release measurements, such that in this 

immersion period (D1-D7) archwire surface was attacked by Cl ions, which eventually leads to 

oxide layer dissolution, enhances ion release and increases the surface roughness. However, the 

roughness analysis of the archwire immersed for 14 days revealed a drastic decrease in roughness 

from D7 to D14. This result also affirms the findings of the oxide layer and ion release 

measurements, such that Ti ions form the Ti oxide with the dissolved oxygen in the AS, and this 

reformed oxide layer deposits specifically over the grooves within the peaks and valleys of the 

archwire which possess relatively larger surface energy, making the reformation easier, and 

eventually resulting in a smoother archwire surface (Figure 4.8) [17]. Specifically, the deposition 

of the corrosion products on cracks, pitting sites or surface defects is favored because of their 

greater surface energy [2,14,17]. Eventually, oxide layer formation on the rough regions leads to 

the decrease of surface roughness, meanwhile the ion release is hindered owing to the thicker 

oxide layer. From D14 to D30 a slight increase in the roughness was observed, implying that the 

oxide layer formation had reached to a more stable state.  

 

Figure 4.8. 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 
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and D30, respectively). An as-is archwire surface topography was also inserted in the figure for 

comparison purpose.  

 

4.4 Conclusions  

 

The experimental work presented in this paper showed that the protective titanium oxide 

layer on the NiTi orthodontic archwires studied in the current work undergoes dissolution and 

reformation cycle within the first 14 days of the immersion period. The archwires immersed in 

artificial saliva (AS) solution for different time periods (1, 7, 14 and 30 days) and pH values (2.3, 

3.3 and 4.3) exhibited the greatest amount of Ni ion release within the first 7 days of the 

immersion, i.e. the dissolution of the oxide layer; whereas the net ion release decreased 

significantly along with the reformation of the oxide layer within days 7-14. The change of the 

surface roughness was observed to stand in good agreement with the dissolution-reformation 

cycle, such that the reformation of the oxide layer within the peaks and valleys of the archwire 

surface resulted in a significant decrease of the surface roughness. Additional immersion 

experiments carried out in the AS solutions with different pH values clearly presented the 

aggressive effect of the most acidic environment (pH=2.3) with the deteriorated surface and 

enhanced ion release. In addition, the surface defects due to the manufacturing processes were 

observed to enhance corrosion. Overall, the current findings clearly demonstrated that the oxide 

layer dissolution-reformation cycle needs to be analyzed thoroughly along with surface roughness 

and ion release behavior in order to ensure the highest biocompatibility standards for NiTi 

orthodontic archwires.   
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5. A CRITICAL APPROACH TO THE BIOCOMPATIBILITY TESTING OF NiTi 

ORTHODONTIC ARCHWIRES 

 

 The study explained in the previous chapter constitutes significance in the pursuit to 

better understand the biocompatibility of the metallic implants. The relation of the Ni ion release 

with the oxide layer dissolution-reformation cycle was figured out with a static immersion 

technique without incorporating the realistic mechanical loads on the archwires throughout the 

experiment period. Therefore the following experiment was carried out in order to comprehend 

the ion release behavior which would give more realistic results.  

5. 1 Introduction 

 

Nickel-Titanium (NiTi) shape memory alloys continue to attract significant attention in 

medicine due to their superior shape memory and pseudoelastic properties, especially in the fields 

of cardiovascular surgery and orthodontics [1-4]. The pseudoelastic behavior stands out in dental 

applications: for instance, in the case of orthodontic archwires, the pseudoelastic property of 

NiTi makes the application of constant stress possible over large tooth displacements [1,2], which 

not only minimizes tissue damage during treatment [5], but also eliminates readjustment 

procedures - which are quite uncomfortable for the patients - required for archwires made of 

conventional materials, such as medical grade stainless steel [1,6-9]. Specifically, the austenite-to-

martensite phase transformation above the austenite finish temperature (Af) and under straining 

beyond the elastic limit of the NiTi alloy leads to a state of constant stress, which is known as 

pseudoelasticity [10].  

Despite their remarkable pseudoelastic capacity and wide utility in medical applications, the 

biocompatibility of NiTi alloys is still subject to debate, mainly due to potential Ni release, which 

can lead to serious health problems, especially in Ni-allergic patients [11,12]. It has been shown 

that, nickel hypersensitivity is one of the most commonly encountered adverse effects of NiTi 

archwires by orthodontists [12]. Specifically, Ni ions released into the intraoral cavity may cause 
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complications, such as burning sensations and inflammation around or in the mouth, and gingival 

hyperplasia [12]. Therefore Ni ion release is very critical in terms of determining the 

biocompatibility of NiTi archwires. The Ni ion release depends mainly on the applied stress state, 

and the type of body fluid (or tissue) the sample comes into contact with [11]. Specifically, it has 

been demonstrated that Ni ion release increases concomitant with both plastic deformation and 

acidity of the fluid [11,13]. Furthermore, the geometry of the sample has been demonstrated to 

play a vital role in the ion release behavior, where the corresponding surface finish and properties 

dictate the amount of ion release along with the fluid contacting the material [11]. Furthermore, 

hardness, topography and roughness were also showed to significantly influence the corrosion 

behavior and biocompatibility [14]. As for the effect of applied stress on the Ni ion release 

behavior, biocompatibility experiments featuring both static [5,13] and cyclic [15,16] loads on 

NiTi samples have been carried out, where the loading was restricted to simple three-point 

bending, which does not represent the actual stress state of archwires during clinical treatment.  

The sliding mechanism, which is defined as the movement of the teeth and brackets along 

the archwire, plays also a significant role in achieving a successful and comfortable orthodontic 

treatment [17]. The effect of archwire surface hardness, topography and roughness on an 

efficient arch-guided tooth movement has been pointed out in numerous studies [14,18-20]. 

Specifically, the sliding mechanism is strongly influenced by the friction force present in the 

archwire-bracket contact sites [20], which depends on the type of orthodontic archwire used for 

the treatment and its surface roughness [17]: the bracket slot roughness has a positive correlation 

with the frictional force and it adversely affects the smooth movement of teeth throughout the 

treatment [20]. In addition, the stresses developed at these contact sites can lead to further Ni ion 

release [11], and therefore, the roughness of archwire-bracket contact sites constitute one the 

most important parameters affecting the orthodontic treatment [20]. The archwire manufacturers 

aim to minimize the roughness of these sites in order to achieve a more efficient sliding 

mechanism [17,20,21], and therefore the roughness of these sites have been analyzed in detail by 
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mechanical testing of various archwire and bracket sets [18,20,21]. However, these testing 

methods fell short of simulating the realistic conditions of the chemical and mechanical contact 

conditions of exposure in the actual intraoral cavity. Thus, in order to reduce the friction force 

and attain an efficient sliding mechanism, the stress-assisted corrosion cracking (SCC) needs to 

be incorporated into the ex-situ experiments. 

The importance of adopting a more realistic loading scenario becomes more clear once the 

possibility of SCC is realized, where applied stress enhances crack initiation on the surface, and 

then crack propagation from surface into the bulk in corrosive environments [15]. In the case of 

NiTi alloys, the core of the material becomes exposed directly to the corrosive environment if the 

protective film that formed during the initial processing is damaged under applied stress, which 

leads to Ni release [22]. In addition, the chemically-, thermally- or stress-induced changes in the 

surface properties, such as surface roughness and morphology, promote crack initiation and/or 

propagation due to dissolution [23-25].  

Despite the findings forwarded on the Ni ion release and corrosion behavior of NiTi 

orthodontic archwires [5,11-13,15,16,25-30], to the best of the authors’ knowledge, an 

investigation focusing on the biocompatibility and Ni ion release behavior of NiTi alloys in the 

presence of SCC, and under realistic chemical and mechanical contact conditions has not been 

forwarded yet. The current work was undertaken with the motivation of addressing this issue, 

such that laboratory experiments closely simulating the actual clinical conditions were designed 

and carried out on commercially available NiTi orthodontic archwires. For this purpose, static 

immersion experiments were carried out in artificial saliva (AS) with the incorporation of 

mechanical contact of archwires and brackets. Specifically, NiTi archwires were subjected to AS 

for 31 days while attached to brackets fixated on upper dental arch mold model of an actual 

patient. This allowed for the simulation of the stresses that arise by the contact of wires with 

brackets and remain constant on the wire throughout the treatment with the alignment of the 

teeth owing to the pseudoelastic property of the archwire. Following the immersion experiments, 
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both the NiTi archwires and AS solutions were inspected for changes in chemical content, and 

the surface properties of the tested archwires were carefully monitored. The outcomes of these 

analyses clearly demonstrate the necessity of simulating both chemical and mechanical contact 

within the intraoral cavity while carrying out laboratory experiments, for the sake of a realistic 

biocompatibility assessment. 

5.2 Materials and Methods 

 

The current work employed static immersion experiments in AS in order to investigate the 

stress-assisted corrosion-induced changes in the surface properties of and possible ion release 

from NiTi orthodontic archwires1 in intraoral cavity. Specifically, metal brackets2 were fixated to a 

dental mold model made of acrylic, and were bonded to the dental mold with light cure adhesive 

(3M Unitek Transbond XT). 

In this study, the commercially available heat activated NiTi archwires [3] with a chemical 

composition of 54.5-57 wt.% Ni [31] were utilized. The orthodontic archwires exhibit variety in 

their austenite finish temperatures (Af) depending on their chemical compositions or 

manufacturing processes [32]. The NiTi alloy utilized in the current study had an Af temperature 

ranging between 20-40˚C [31]. The amount of force which moves the teeth throughout the 

orthodontic treatment was measured with three point bending test and found to be in a range of 

0.6-1.0 N at 3mm deflection [31]. The archwires were placed into the bracket slots with the 

following sequence: both bonding of the brackets and the binding procedure were performed 

from upper left second premolar to upper right second premolar. The NiTi archwire was bound 

conventionally with ligature wire. The archwire was inserted passively because there was no 

crowding or rotations on plaster models. This passive bound was found sufficient to simulate the 

aimed mechanical contact, since the NiTi wires used in the current study have the ability to retain 

                                                           
1
 3M Unitek Smart Clip Nitinol heat activated archwires with 0.36mm diameter were used in the experiments.  

2
 18' slot 3M Unitek Gemini Roth brackets and the corresponding metallic bases were manufactured from17-4PH 

and 304L stainless steels, respectively. 
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at almost a constant stress throughout the alignment of the teeth during treatment, owing to their 

pseudoelastic properties. Three different sets of experiments were carried out to detect the 

amount of Ni ions released both from the archwire and the brackets individually, and each 

individual set was repeated for at least three times for the sake of reliability and statistical 

consistency.  The first experimental set considered the immersion of the undeformed archwire 

only (UA) (Figure 5.1-a), while the second set also included the dental model with only brackets 

bonded on (B) (Figure 5.1-b). The third experimental set featured the dental model with the 

brackets, and the archwire bound on the brackets (BA) (Figure 5.1-c).  

 

 

 

 

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. 

 

These sets were subjected to static immersion in AS for 31 days in separate containers and 

the released ions from each set were detected by Inductively Coupled Plasma-Mass Spectroscopy 

(ICP-MS). The ingredients and the pH value of the AS employed in the current work are 

presented in Table 5.1. It should be noted that the pH of the natural saliva is about 7, however; a 

lower pH value (2.3) was preferred for AS in this study in order to incorporate the effects of 

acidic environment caused by possible dental plaque, and simulate the aggressive environment 

that would potentially stem from nutritional habits, and the corresponding organic depositions 
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and intraoral microorganisms [9,11,33]. Moreover, as the protective titanium-oxide layer is 

expected to undergo degradation at pH values below 3 [12], the pH value of 2.3 was also suitable 

in terms of incorporating the effects of changes in oxide-layer characteristics during the exposure 

to AS. While preparing the AS, 1M of HCl was slowly added to the initial AS solution with pH 

value of near 7 until a level of acidity corresponding to a pH value of 2.3 was attained [28,29,33]. 

The prepared fluid was initially observed to be stable and remained the same throughout the 

experiments confirming the absence of salt deposition. Each model was immersed in a separate 

sealed beaker with 180ml of prepared AS. The immersed samples were kept in an electronically 

controlled water bath sustaining the temperature at 37 °C, corresponding to the body 

temperature. 

 
 

Table 5.1. Properties of the AS utilized in the current immersion experiments. 

Ingredients 
Amount of 

Ingredients (g/l) 
pH 

NaCl 0.4 

2.3 

KCl 0.4 

CaCl2•2H2O 0.906 

NaH2PO4•2H2O 0.69 

Na2S•9H2O 0.005 

Urea 1 

 

Following an immersion period of 31 days, the immersed undeformed and bound 

archwires were comparatively investigated using scanning electron microscopy (SEM) and Energy 

dispersive X-ray spectroscopy (EDX) in order to detect SCC and the corresponding surface 

morphological changes, as well as to identify the elements deposited on the archwire and 

specifically on archwire-bracket contact sites. Three samples were analyzed via SEM and EDX 

for each different condition. The SEM and EDX analyses were conducted on an SEM, where the 

SEM images were captured with a secondary electron detector at a magnification of 1000 – 5000 

×, an accelerating voltage (EHT) of 5 kV, current of 30 pA and a working distance of 11mm. 
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The EDX results were obtained at an EHT of 10 kV and current of 1000 pA. Surface 

topography and roughness of each archwire, and the sites in contact with the brackets on the 

archwires were analyzed by atomic force microscopy (AFM). The AFM images were recorded at 

a tapping mode in air utilizing an antimony (n) doped silicon cantilever with a rotated tip with a 

radius of 8 nm. The linear scanning rate was set as 1 Hz (1 line/s) and the surface topography of 

the materials was monitored on 30 × 30 μm2 scanning area.  

The surface roughness results of the immersed archwires were compared with an as-is (as 

received from the manufacturer) archwire in order to better understand the corrosion induced 

roughness changes. Released Ni ions from the archwire and bracket sets in immersion fluids were 

detected with ICP-MS equipped with octopole reaction system helium collision cell for spectral 

interference removal, rather than ICP-OES, considering the µg/L (ppb) level ion detection 

capability of the former. The ICP-MS was operated with MicroMist glass concentric nebulizer, 

quartz Scott-type spray chamber and Ni sampler/skimmer cones. Daily instrumental 

optimizations were performed using 1 μg/L tuning solution for the short-term stability of the 

instrument. The corresponding instrument settings and parameters are provided in Table 5.2.  

 

Table 5.2. ICP-MS operating parameters. 

Number of points per peak 3 Plasma gas flow (Argon) 15L/min 

Replicates 5 Helium gas flow (Collision cell) 4.3ml/min 

Sweeps/replicate 100 Carrier gas flow (Argon) 1L/min 

Total acquisition time 41.900s Plasma Forward Power 1550W 

Integration time per mass 0.12s   

 

5.3 Results and Discussion 

 

The surfaces of the as-is NiTi archwire and, the archwires UA and BA which were 

immersed in artificial saliva for 31 days were investigated via SEM, EDX and optical microscopy 

following the immersion experiments and compared with the as-is archwire surface. The SEM 

images of the as-is, and UA and BA are presented in Figures 5.2-4. Figure 5.2 demonstrates that 
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the as-is archwire features a relatively smooth surface, except for the processing marks and rare 

impurities, implying that any foreign particle observed on the UA surfaces must be new 

structures that formed upon immersion in AS.  

 

 

 

 
 

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

 
 

The SEM images of the UA show rare dark spots which are randomly located on the 

archwire surface (Figure 5.3). Quantitative EDX analysis from these regions indicated that these 

dark spots are mainly C containing structures (Table 5.3). Considering the high C content of AS 

and the previous experience on the C deposition on NiTi upon immersion in AS [9,11], it can be 

argued that the observed C-rich particle formation on the immersed undeformed NiTi archwires 

is reasonable. The random localization of these particles on the archwire surface stems from the 

uniformity of the archwire and the lack of distinctive and repetitive structures on the archwire 

surface. Specifically, the only available sites for nucleation of new structures were the impurities, 

which were randomly distributed on the archwire surface, leading to this observed random 

deposition of corrosion products. 
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Table 5.3. Relative quantities of the elements (provided in wt.%) detected by energy dispersive 

X-ray spectroscopy (EDX) on the as-is archwire, and new structures present on the archwires 

UA and BA which were immersed in AS for 31 days (Figures 5.3 and 5.4). All the detected Ni 

and Ti quantities were found statistically significant with P<.01 for UA and P<.001 for BA. 

(Elements with signals lower than 0.1wt.% were not included in the table.) 

 

       As-is        UA        BA 

Carbon           - 4.59   ± 1.01 4.22   ± 0.47 

Titanium 46.43 ± 0.78 46.06 ± 2.74 45.99 ± 1.23 

Nickel 53.57 ± 0.78 49.36 ± 2.33 49.79 ± 1.14 

Representative 

SEM images of  

the regions 

analyzed by EDX 
 

     5µm 
 

      5µm 
  

      5µm 

 

 

 

The SEM examination of the archwire-bracket contact sites in BA also demonstrated 

presence of dark spots, which, however; were located with certain intervals on the surface rather 

than a random localization (Figure 5.4). Furthermore, each spot occupied a wider area (Figure 5. 

4) as compared to those observed on the immersed undeformed archwire (Figure 5.3). The 

quantitative EDX analysis indicated that these dark spots were also C-rich structures similar to 

those present on the UA (Table 5.3). In order to track the localization of all the corrosion 

products with certain intervals on the BA, the sample was also investigated with optical 

microscope, from which several images were gathered together for a more comprehensive picture 

of the overall archwire surface (Figure 5.5). 



 

87 
 

 
 
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. 

 

The optical microscopy images clearly evidence the newly formed structures on the BA are 

located with almost equal intervals to each other (Figure 5.5). Moreover, measurement from the 

optical microscopy images demonstrates that the length of these intervals (about 1 cm) is close to 

the average distance between the brackets bonded to two consecutive teeth on the mold. This 

result justifies that the new particles are mainly deposited around the archwire-bracket contact 

zones. This localized precipitation of corrosion products is in good agreement with the findings 

of a similar study that compared an as-is archwire immersed in AS with a companion archwire 

that was retrieved from a patient after exposure to actual intraoral conditions for the same time 

interval [9]. Specifically, C-rich structure formation was observed on both archwires, however; 

the depositions on the retrieved archwires, which were localized at the archwire-bracket contact 

sites were dense enough to be visible to the naked eye. On the contrary, the deposition was 

random and observable only under SEM in the case of the immersed archwire [9]. This finding 

was attributed to the stress concentration induced by the contact of archwire and brackets, which 

created more available sites for the nucleation of corrosion products [9]. Similar observations 

were also made in a work where in-service SCC based fracture of NiTi archwires were examined 

[5]. Specifically, the microstructural and elemental analyses of the fracture surfaces showed that C 
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rich products precipitated in the vicinity of the crack tip, which constituted one of the highest 

stress concentration sites on the archwire [5]. 

In order to better understand the SCC effect on the archwires their surface topography and 

roughness were analyzed by AFM. Figure 5.6 compares the surface topographies of the two 

different archwires: UA and BA. The latter possesses a surface with denser peaks and valleys, 

which stems from the SCC at the archwire-bracket contact sites. The average roughness (Ra) 

values of each set are presented in Table 5.4. UA which was exposed to the corrosive 

environment of the AS for 31 days shows higher roughness value than the as-is archwire. On the 

other hand BA shows higher roughness value than the UA. This result shows that when the 

archwire is under the effect of both stress and corrosion its surface roughness increases more 

significantly. Moreover, the archwire-bracket contact site of the BA had the highest roughness 

value, which implies that the high energy regions create local higher roughness sites on the 

archwire surface, further contributing to the localized precipitation in these regions.  

 

 

 
 

 

 
Figure 5.6. Surface topographies of the (a) undeformed (UA) (b) bound archwire (BA) obtained 
by AFM. 
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Table 5.4. AFM Surface roughness measurements of the archwires. 

   
As-is UA BA  

40.8nm 56.6nm 108nm 

 

The simulation of the actual state of contact between the archwires and the brackets, and 

the incorporation of the mechanical conditions into ex situ experiments provided more realistic 

surface roughness results. It should be noted that in order to speculate on the effect of the 

roughness on the sliding mechanism the dynamic forces created by mastication and the chemical 

condition of the intra oral environment also need to be included in the experiments. Thereby, the 

friction coefficient of these sites can be minimized more significantly to achieve a more efficient 

sliding mechanism and orthodontic treatment. 

The preferential particle deposition at stress concentration zones have been subject to 

several studies, which evidenced that grain boundaries, impurities and other stress concentration 

points create ideal sites for nucleation of new phases, where the existing high energy facilitates 

precipitation of new structures by spending minimum energy [34,35]. Similarly, the current results 

showed that the C ions within the AS solution preferentially pile up in the form of C- particles on 

the archwire-bracket contact sites of BA which had the highest surface roughness value. The 

higher surface energy of these sites has further catalyzed the deposition of the corrosion products 

[11].   

Moreover, a closer look into these sites demonstrated that the stress induced by the contact 

of the archwire with brackets causes formation of micro-cracks on the archwire surface as a result 

of SCC (Figure 5.7(a)). Specifically, the archwire surface becomes more prone to the stress 

created at the bracket contact sites due to the corrosive nature of AS, which enables crack 

initiation and propagation. Similar to the aforementioned stress concentration sites, cracks also 

constitute high energy regions, and thus, favor deposition of corrosion products in their close 
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vicinity. Figure 5.7(b) evidences that the precipitates preferentially nucleate around the cracks on 

the BA. This argument is further strengthened by the random localization of corrosion products 

on the surface in the absence of micro-cracks in the case of the UA, which was not loaded during 

the immersion period. Therefore, formation and localization of new particles at certain locations 

with almost equal intervals, which correspond to the archwire-bracket contact sites, can be 

explained with the stress concentration created at these contact sites due to SCC and the resulting 

micro-cracks. Yet, in contrast to the archwire that was exposed to actual intraoral conditions [9], 

the C-rich structures nucleated on the BA were not visible to naked eye. This difference can be 

attributed to the more complex composition and variable constituents of actual intraoral 

environment, which involves not only the saliva but also the nutrients that are specific to the 

patient, implying that eating habits of the patient also significantly influence particle accumulation 

on the archwires in actual clinical conditions.  

 

 
 
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. 

 

For the detection of potential Ni ion release from the archwires into the AS solutions and 

to investigate the effect of SCC on the ion release behavior of the archwires, all the AS solutions 

were subjected to ICP-MS following the experiments. The Ni amounts measured in the three test 

solutions are presented in Table 5. The amount of Ni ion release from the dental model with only 
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brackets was higher than the Ni ion release from the UA. This result shows that significant 

amount of Ni has released from the brackets. On the other hand AS with BA had the highest 

amount of released Ni ions when compared with the other AS sets. It is remarkable that the 

amount of Ni ions in the AS with BA was more than the total amount of the Ni ions released 

from the UA and the brackets. This result verifies the fact that extra Ni ion had released due to 

SCC and resulting cracks in the archwires. Considering the critical limit of Ni intake (0.12-

0.5mg/L) the Ni contents of these 3 AS solutions were far below this limit and therefore doesn’t 

constitute toxicity for human body [30], indicating that the commercially available NiTi archwires 

can be considered safe for the patients within the immersion period considered in the current 

experiments. This finding also demonstrates that the archwire-bracket contact zones did not 

significantly enhance ion release despite being ideal sites for deposition of corrosion products. 

This can be attributed to the micron-size cracks promoted by SCC, which were not large enough 

to lead to significant ion release, in addition to becoming blocked by the deposited corrosion 

products, further preventing ion release. As the new particle nucleation preferentially takes place 

at the contact regions and in the vicinity of cracks, it is suggested that the ion release from these 

zones was prevented by the particles deposited on the cracks. Moreover, the ICP-MS results 

demonstrated that, although BA exhibited the highest amount of Ni ion release compared to UA 

and B as a result of the SCC induced by wire-bracket contact, the released amount is still lower 

than the critical value which can be toxic for the human body, due to the prevention of further 

ion release by the preferential precipitation of corrosion products at potential ion release sites 

such as cracks. This finding is in good agreement with previously forwarded evidence for 

reduction in ion release due to oxide layer deposition on the stress-induced cracks [13].  

Another mechanism which can be critical for the Ni release of NiTi archwires in contact 

with brackets is galvanic corrosion. The introduction of new archwires and brackets with novel 

materials and designs into the orthodontics offers orthodontists a variety of choice in their 

combination [36]. Among these different combinations researchers aim to find the specific 
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archwire-bracket combination providing the best treatment with the ultimate efficiency in the 

sliding mechanism [20]. When the selected archwire-brackets are composed of two different 

metals the contact of these two dissimilar metals can lead to galvanic corrosion in the existence 

of saliva [12,36,37]. However, previous analysis focusing on the galvanic corrosion of NiTi 

archwires demonstrated that different archwire-bracket combinations did not lead to significant 

Ni ion release [36].  Therefore, in the current study, galvanic corrosion was not considered as an 

effective mechanism for Ni release and was not separately analyzed. 

Overall, the current results indicate that the stress concentration stemming from the 

archwire-bracket contact dictates both deposition of corrosion products on the surface and the 

ion release from orthodontic archwires. Moreover, the current set of experiments demonstrated 

that the actual intraoral conditions the orthodontic archwires become exposed to can be 

successfully simulated in terms of both physical and chemical conditions through static 

immersion experiments when archwire-bracket contact is provided. 

5.4 Conclusions 

 

The biocompatibility of commercial Nickel-Titanium (NiTi) orthodontic archwires was 

evaluated through ex situ experiments incorporating realistic chemical and mechanical contact 

conditions the archwires become subject to during actual intraoral stay. The results indicated that 

the archwire-bracket contact sites constitute critical regions for the deposition of corrosion 

products owing to elevated stress concentration, which creates high energy zones around the 

contact areas. On the other hand, these products prevented significant Ni or Ti ion release from 

the archwires by blocking the cracks formed as a result of SCC in the same areas. Moreover, the 

results of the experiments involving archwire-bracket contact significantly differed from the 

experiments where mechanical contact was not provided, such that the former set of experiments 

successfully simulated the actual intraoral cavity in terms of formation and localization of 

corrosion products at the archwire-bracket contact sites. Overall, the current study demonstrates 
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that the incorporation of both chemical and mechanical contact conditions of exposure in the 

actual intraoral cavity is necessary for a reliable biocompatibility experiment. 
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6. NANOTWIN FORMATION IN HIGH-MANGANESE AUSTENITIC STEELS 

UNDER EXPLOSIVE SHOCK LOADING 

 

After thoroughly understanding the biocompatibility of the metallic materials under 

different circumstances and constructed its relationship with the microstructure of the material, 

further studies were carried out on the materials which facilitate the observation of complex 

microstructure. These materials were selected intentionally to better understand the activation of 

the plastic deformation mechanisms and observe the interaction with each other. In this way the 

knowledge gained from these studies would be utilized for the selection of the material with the 

ideal mechanical and microstructural properties in the applications including aerospace, 

automotive, civil engineering or biomedical. 

6. 1 Introduction 

 

Despite having been studied for decades, high-manganese austenitic steels continue to 

attract attention owing to the variety of active micro-deformation mechanisms and interactions 

[1–4], which are indeed responsible for the superior mechanical properties these materials 

possess, such as combined high strength, rapid strain hardening capability, high wear resistance 

and substantial elongation to failure [5–7]. The micro-deformation mechanisms facilitating this 

superior combination of mechanical properties include slip-twin interactions [7], slip - dense 

dislocation wall interactions [5,6], and as recently demonstrated, nanotwin formation within 

primary twins [7–10]. Most of the significant volume of work carried out on high-manganese 

austenitic steels, including Hadfield steel and twinning-induced plasticity (TWIP) steels, focused 

on the deformation response and the corresponding microstructure evolution of these materials 

at rather slow or medium rates of deformation [7], and the state of the micro-deformation 

mechanisms governing the high-velocity deformation behavior have been left unattended with 

the exception of a small number of studies [7,11].  
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Recent studies exploring the possibility of utilizing high-manganese austenitic steels as 

armor materials or improving their impact bearing capacities [8–10] led to important discoveries 

regarding the micro-deformation mechanisms active in high-manganese austenitic steels under 

high-velocity loading. In particular, nanotwin formation within primary twins has been shown to 

significantly increase the load bearing capacity of high-manganese austenitic steels when 

deformed at high velocity and low temperatures. When the primary twin formation or thickening 

cannot facilitate further deformation, enhanced hardening owing to the interaction with glide 

dislocations is expected to result in failure, however; nanotwin formation within the primary 

twins allows for plastic deformation to continue, and thus, enhances the material's capacity to 

absorb the applied loading [7–10]. 

The aforementioned observations were made for temperatures ranging from -170 °C to 

200 °C and strain rates ranging from 300 1/s to 800 1/s were covered. However, in order to 

assess the suitability of high-manganese austenitic steels as armor materials or the basis for new 

generation ballistic protection technologies, a more realistic loading scenario is needed. In order 

to address this issue and to further investigate the micro-deformation mechanisms at very high 

deformation rates and high temperatures, a high-manganese austenitic steel was subjected to 

explosive shock loading utilizing military ballistic testing equipment, and the corresponding 

micro-deformation mechanism activities and interactions in the microstructure were studied in 

detail. Even though utilizing explosives under the laboratory conditions to induce hardening and 

severe plastic deformation on metallic materials, including Hadfield steel [12], to the best of the 

authors' knowledge, this is the first true ballistic experiment carried out on high-manganese 

austenitic steels in a military facility reported in the open literature. The current findings 

demonstrate that a single nanotwin system is activated within a single system of primary twins 

upon explosive loading, significantly enhancing the material's load bearing capacity. A 

comparison of the current findings with the previous reports of high-velocity deformation of 
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high-manganese austenitic steels revealed that the velocity of deformation is the dominant 

parameter governing the micro-deformation activities in this class of alloys.    

6. 2 Experimental Details 

 

The material studied in this work was an austenitic high-manganese steel with the following 

chemical composition: 12.340 wt.% Mn, 1.090 wt.% C, 0.432 wt.% Si, 0.148 wt.% Ni, 0.297 wt.% 

Cr, 0.035 wt.% V, 0.044 wt.% Co, 0.007 wt.% Ti, and balance Fe. The bulk material subjected to 

explosive loading was removed from a larger as-cast slab, such that the test block was in form of 

a rectangular prism with dimensions of 100 mm × 80 mm × 10 mm. The test block was removed 

from the as-cast steel slab utilizing electrical discharge machining (EDM) in order not to induce 

any residual stresses. 

For applying the ultra-high speed deformation to the test block, explosive material 

equivalent of 50 g TNT was pasted in the middle of one of the 100 mm × 80 mm surfaces, and 

the explosion was carried out within a protective bunker. The resulting explosive shock loading is 

estimated to have caused a deformation velocity in excess of 500 m/s, corresponding to a strain 

rate beyond 1 × 104 s-1. Following the shock loading, the sample remained intact despite the 

large cracks along both of the longer edges and one of the shorter edges (Figure 6.1). In order to 

investigate the microstructure evolution due to shock loading, three slices were cut utilizing EDM 

as shown in Figure 6.1, such that the material volumes directly affected from the explosion 

(Sample 1) and the nearby locations (Samples 2 and 3) could be investigated in a comparative 

manner, in order to clearly reveal the role of deformation velocity on the micro-deformation 

mechanism activities. 
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 Figure 6.1. The high-manganese austenitic steel sample subjected to explosive shock loading 
following the experiment. 

 

Microstructures of the samples were analyzed in detail utilizing a Tecnai G2 F30 

transmission electron microscope (TEM) operating at an accelerating voltage of 300kV. A 

DualBeam NanoLab 600i focused ion beam (FIB) was employed to extract the TEM specimens 

from the bulk in lamella form. The TEM samples were extracted close to the surface that was 

subjected to the explosion. Prior to milling procedure, specimen surfaces with the dimensions of 

2 µm × 16 µm were coated with a protective platinum layer of 1.5 µm thickness, which was 

followed by the milling of both sides with a (gallium ion) beam current of 6.5 nA until achieving 

a depth of 8µm. For the cross-section thinning, the specimens were milled down to 50 nm 

thickness using decreasing ion current in the following order: 2.8 nA, 0.28 nA, 48 pA and 28 pA. 

In the final step, both surfaces of the specimens were cleaned employing an accelerating voltage 

of 5 kV and a beam current of 47 pA for 90 seconds. 

 

 



 

102 
 

6.3 Results and Discussion 

 

A comparison of the detailed microstructure analysis carried out on Samples 1 and 3 

under the TEM revealed the significant differences between the microstructure evolutions at the 

center (Figure 6.2) and relatively remote from (Figure 6.3) the explosion. Accordingly, at the 

center of the explosion (Sample 1), forest hardening due to enhanced dislocation activity is 

evident, which is not surprising in this class of alloys due to the high strain rates attained during 

deformation [13]. In addition to dense dislocation activity, twinning is also prevalent, such that 

one major twin system is accompanied by nanotwins that formed within these primary twins 

(Figure 6.2). As opposed to Sample 1, Sample 3 exhibited only one major twin system in addition 

to dense dislocation activity (Figure 6.3), indicating that nanotwin formation within the primary 

twins is restricted to the zones affected the most from the explosion, i.e. where the rate of 

deformation was the highest. This is in agreement with previous reports on the impact response 

of Hadfield steel, where nanotwin formation within primary twinning was observed in the vicinity 

of the crack zones that were subjected to the largest plastic strains and highest rates of 

deformation [7]. Specifically, when the deformation rate is high, forest hardening and major 

mechanical twinning activity quickly saturate, and cannot proceed easily due to slip-slip, twin-twin 

or slip-twin interactions. However, if the material can still bear loading, an additional mechanism 

is needed in the microstructure for the plastic deformation to continue, which turns out to be 

nanotwin formation within primary twins. The dislocations interacting with the primary twin 

boundaries facilitate the nanotwin formation: the separation of full dislocations into a glissile 

Shockley and a sessile Frank partial, where the Frank partial acts as the anchored pole and the 

Shockley glissile revolves about the pole, creating twinned material upon each revolution [14]. 

When this interaction at the boundaries of the primary twins takes place in the undeformed zones 

within the primary twins, it leads to the formation of nanotwins. Such interaction of the 

dislocations at the twin boundaries is evident in Sample 1 (Figure 6.2(a)), whereas it was not 

prevalent in Sample 3 (Figure 6.3). 
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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. 
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Figure 6.4. Schematic describing the microstructure evolution observed in Samples 1 and 3. 

 

Another important observation is regarding the width of the primary twin bands in each 

case: a comparison of Figure 6.2(a) and Figure 6.3(b) reveals that the twin bands are much wider 

in the case of Sample 3 (Figure 6.3(b)), i.e. far from the center of the explosion. This can be 

explained by the continuous growth of the twins upon nucleation, while the faster deformation at 

the core of the explosion (Sample 1) does not leave much room for the growth of the nucleating 

primary twins due to more intense dislocation burst (Figure 6.4). Instead, nanotwins form within 

the primary twins, facilitating progression of the plastic deformation within the undeformed 

zones (Figure 6.4). 

6.4 Conclusions 

 

The current set of results clearly demonstrate that the ultra fast deformation of high-

manganese austenitic steels promotes the formation of nanotwins within primary twins, which 
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emerges as a secondary mechanism plastic deformation relies on to continue despite the very 

high strains attained. Therefore, the current findings imply that the performance of both 

conventional and relatively new grades of high-manganese steels, such as TWIP steels, can be 

significantly improved under heavy service conditions upon facilitating nanotwin formation in the 

microstructure. 
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7. ORIENTATION DEPENDENCE OF THE MECHANICAL RESPONSE AND 

MICROSTRUCTURAL EVOLUTION OF NICOCR SINGLE CRYSTAL MEDIUM 

ENTROPY ALLOYS 

 

 The findings of the previous study presented the significant effect of the nanotwin 

formation upon ultra fast deformation. Twin inside twin formation has further improved 

hardenability of the material which resulted with an improved mechanical response. The aim of 

the study to be presented in the next chapter was to investigate the plastic deformation 

mechanism dependent on the orientation of the material. For this purpose single crystal samples 

were subjected to plastic deformation by eliminating the complexities which might stem due to 

grain interactions. In addition to that the orientations were selected in a way to preferentially 

activate the desired mechanisms. This provided to better understand the mechanical behavior 

dependence of the material on the microstructural evolution.  

 

7.1 Introduction 

 

 Metallic materials have been broadly used throughout the centuries and the discovery of 

the new alloys with superior physical and mechanical properties further expands their use in new 

applications. In the recent decade the systems with multicomponent alloys have attracted the 

attention of the researchers due to their unique combination of high strength, ductility, fracture 

toughness, and wear and corrosion resistance [1–9]. These alloys are composed of multiple 

elements in near equiatomoic compositions which differ significantly from the conventional 

alloys that are composed of single principal element and minor additional alloying elements such 

as stainless steel or nickel based alloys [2,7,10]. Instead of exhibiting a complex structure high 

configurational entropy of the multi principal element alloys (MPEAs) can overcome the mixing 

enthalpy of intermetallic phases and lead to a structure with a simple phase [10,11]. MPEAs with 

5 or more elements are grouped as high entropy alloys (HEAs), whereas the alloys with 3 or 4 

elements are regarded as medium entropy alloys (MEAs). HEAs and MEAs alloys have been 
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subjected to numerous mechanical testings and have shown unprecedented mechanical strength 

without sacrificing the ductility [4,5,9,10,12]. One of the most important reasons for this 

improved mechanical response can be given as the highly distorted lattice structure due to 

cumulative effect of the different atoms within the first coordination shell [13]. It should be 

noted that the strain field created by this local distortion plays important role for the 

strengthening of these alloys thorough impediment of the gliding dislocations [13,14]. Among the 

all MPEAs NiCoCr MEA alloy has presented the best combination of mechanical strength and 

fracture toughness without sacrificing the ductility [4,15,16]. Stacking fault energy (SFE) of this 

alloy was measured as 22 ± 4 mJ m-2 whereas the one of FeMnCrCoNi was determined as  22 ± 

4 mJ m-2 [17]. In addition to that the slightly lower shear modulus of NiCoCr   in concomitant 

with the lower SFE made it easier to reach the critical stress for the twin formation which leaded 

to enhanced ductility through postponing the necking instability [4,15]. The activity of the plastic 

deformation mechanisms of the polycrystalline NiCoCr upon tensile loading at different test 

temperatures have been addressed recently [4,15,18]. The results showed improvement in the 

mechanical strength, damage tolerance and ductility at the lower temperatures specifically due to 

the activation of nanotwinnings [15,19,20]. Due to these superior properties NiCoCr constitutes a 

promising alloy among all the MPEAs and its microstructural and mechanical properties need 

further investigation. Specifically to the best of authors’ knowledge a study presenting the 

thorough analysis to understand the dependence of the uniaxial stress-strain response of NiCoCr 

MEAs on crystal orientation has not been forwarded yet. The current study was undertaken to 

address this issue by utilizing single crystal NiCoCr alloys in order to eliminate the complications 

that may stem from the grain boundary effect and the interactions between the neighboring 

grains [21]. In addition the use of single crystals also provides a better understanding of the effect 

of the governing plastic deformation mechanisms through preferentially activating the desired 

mechanisms and controlling the number of active slip systems. For this purpose three different 

crystallographic orientations were selected: [110], [111] and [123]. The activation of deformation 
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twinning and slip show differences in each orientation depending on their Schmid factors in each 

crystal. For example in FCC crystals the formation of twinning is most favorable in [111] 

orientation because the Schmid factor for twinning (mtw = 0.314) is larger than for slip (msl = 

0.27) in this orientation [22]. On the other hand in the same orientation activation of multiple slip 

systems is expected, whereas only one system is expected in [110] and [123] orientations [23].  

In the current study single crystal NiCoCr MEAs have been subjected to uniaxial tension 

test and their stress-strain response was evaluated. Analyses on the single crystals of this alloy 

with three different crystallographic orientations enabled the authors to observe orientation 

dependence of the activation of slip and twinning mechanisms which has not been reported yet 

[24]. In order to understand the microstructural evolution in different levels of deformation the 

tensile test was interrupted at different strain levels. In this way the activation of plastic 

deformation mechanisms and their interactions were captured in the initial stages via 

transmission electron microscopy (TEM) and optical microscopy (OM) techniques. Critical stress 

value to initiate twinning was evaluated for the sample in [111] orientation which is the most 

favorable orientation for twinning [22]. These findings were used to elucidate the reasons for the 

superior mechanical properties of this alloy compared with its quinary and quaternary 

counterparts. 

 

7.2. Experimental Details 

  

 The equiatomoic single crystal NiCoCr medium entropy alloy specimens used in this 

study were grown by the Bridgeman method. Specifically workpiece blanks were melted in a 

resistance furnace and the NiCoCr single crystal bulk was obtained in an argon atmosphere. The 

melting process was repeated three times for the homogenous distribution of the atoms 

throughout the bulk. The tensile test samples with different crystallographic orientations ([110], 

[111] and [123]) were cut by electric discharge machining (EDM) from the bulk. The samples 

were sealed in a quartz tube with argon atmosphere and homogenized at 1473°K for 24 hours 
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[8]. The surfaces of the tensile test specimens were ground with 600, 800, 1000 and 1200 grit SiC 

sandpapers and polished with 6, 3 and 1µm size diamond abrasives respectively. Prior the 

mechanical testings material characterization techniques were utilized. X-ray diffraction analysis 

(XRD) was used for the phase identification and texture analysis. Elemental composition of the 

samples was quantified with wavelength dispersive X-ray spectroscopy (WDS) by collecting the 

data from 10 different points which were at least 300µm apart from each other. Electron 

backscatter diffraction (EBSD) technique was utilized for the understanding of the 

microstructural evolution. The samples analyzed with EBSD and WDS were also polished with 

colloidal silica suspension as the final polishing step. Three samples in each orientation were 

subjected to tensile test up to fracture with a MTS Tensile Test Setup with the strain rate of 

5×10-4 s-1 at room temperature. Additional tests were run by interrupting the tensile test at 

different strain levels in order to better understand the microstructural evolution and the effect of 

governing deformation mechanisms on the mechanical behavior in the early stages of the 

deformation. Surface relief on the sample surfaces were investigated with secondary electron 

microscope (SEM) and optical microscopy (OM) and the activation of plastic deformation 

mechanisms was analyzed via transmission electron microscope (TEM). TEM samples were 

prepared by grinding the deformed tensile samples down to 60µm thickness with 600 grit SiC 

sandpaper and punching them into discs with 3mm of diameter. Then these discs were twin-jet 

electropolished in the working temperature of -20°C with an electrolyte consisting of 75% of 

methanol and 25% of nitric acid at 20V. TEM analyses were carried out with the FEI Tecnai 

20ST model operating at 200kV.  

7.3. Results and Discussion 

 

Prior the mechanical testings elemental composition analysis of the NiCoCr single crystal 

samples via WDS showed that the samples contained almost equal atomic concentrations of Ni, 

Co and Cr elements which are reported respectively as 33.42 ± 0.14, 33.60 ± 0.68 and 32.98 ± 
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0.72. Phase and crystal structure analyses of the samples with XRD and EBSD showed that the 

alloy had simple FCC phase and single crystal structure. Lattice parameter was determined with 

XRD as 0.3575nm which is in good agreement with the numbers reported in the literature earlier 

[15].   

When the tensile response (Figure 7.1) of these three orientations were compared sample 

in [111] orientation exhibited the greatest yield and ultimate tensile strength which is greater than 

the Cantor alloy in the same orientation [3]. On the other hand the greatest elongation to fracture 

was observed in [123] orientation similar to the results obtained with the Hadfield steel in the 

literature [21,24]. In order to understand the how the deformation was accommodated in each 

sample microstructures of the fractured samples were analyzed with transmission electron 

microscopy (TEM) and twins in nanometers of thickness were observed on each orientation 

(Figure 7.2, 7.3 and 7.4). In addition to that twin-twin interactions were observed on the samples 

which increase the local stress concentration [25].   

 

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 50µm. (To better understand the graph and its 

corresponding OM image the reader is referred to the web version of this paper.) 
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The engineering stress-strain curves of each sample (Figure 7.1) present the orientation 

dependency of the mechanical response of these samples where each orientation presents a 

different strain hardening behavior with different deformation stages. Specifically while the 

samples in [110] and [123] orientations present upper and lower yield strengths and the Lüder’s 

type propagation of localized deformation the sample in [111] orientation exhibited a linear 

hardening regime.  This difference stems from the activation of different number of slip systems, 

such as in [110] and [123] 1 slip system prevails on the other hand in [111] more than 1 system is 

activated. Owing to this difference [111] crystal exhibits a small region of stage I hardening on 

the contrary to the [110] and [123]. In order to elucidate the activation of plastic deformation 

mechanisms in the early stages of deformation tension tests were interrupted at lower strain 

levels. Figure 7.2.a shows the dislocation pile ups in the twin boundary of the [111] sample 

deformed up to 10% of deformation strain [20,26].  In addition to that stacking faults and 

nanotwins are also observed. The mutual interaction of these mechanisms has promoted the 

strengthening of the material and provided the stage II deformation with a greater work 

hardening rate (WHR) [3,17,20,24,26]. Specifically the blockage of dislocation glide by a twin 

These results are in good agreement with the earlier studies carried out on single crystal Hadfield 

steel and austenitic stainless steel in the [111] orientation [27,26].   

 

Figure 7.2. TEM micrographs and diffraction patterns of the samples in [111] orientation 

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

 



 

114 
 

Easy glide regime of [110] and [123] samples have leaded to a lower work hardening rate 

compared with the [111] sample. In order to understand the activation of deformation 

mechanisms in the early stage of plasticity the surface relief of the samples deformed up to 4% 

([110]) and 10% ([111] and [123]) of strain were analyzed with optical microscopy. These images 

(within the Figure 7.1) show the localized deformation in the gauge sections of the [110] and 

[123] orientations however the deformation bands showed a spread behavior on all over the 

gauge section of the [111] sample which was stemming from the activation of multiple slip 

systems in this crystallographic orientation [22]. 

The recent studies on the deformation mechanism of polycrystalline NiCoCr have shown 

that the early stage of plasticity takes place by the splitting of the 1/2<110> type perfect 

dislocations into 1/6<112> type Shockley partials dislocations [15]. In the later stages of 

deformation twinning gets activated through the interaction of these stacking faults and 

dislocations which provides the stress required for the twin nucleation. These formed twins act as 

obstacles for the dislocations and increase the work hardening of the material which delays the 

onset of necking and consecutively increases the ductility [4,15]. The propensity to form 

twinnings in these alloys were supported by a recent study where the twinnability of this alloy 

showed higher value than all pure fcc metals and it was comparable with the Fe-Cr-Ni TWIP 

steels [20]. Specifically the activation of multiple twin systems has created a 3D twin structure 

which has significantly enhanced the ductility of the material by offering multiple pathways for 

the dislocation motion along the boundaries [20]. In order to better understand the underlying 

mechanisms initiating the twin nucleation in the earlier deformation stages of the single crystal 

NiCoCr alloy additional tests were carried out in the current study. Specifically the TEM 

micrographs of the tensile test specimen interrupted at the strain of 10% in [111] orientation 

shows the interaction of dislocations and stacking faults clearly (Figure 7.2a). It should be noted 

that the observed stacking faults in the early stage of plasticity of low stacking fault energy alloys 

contribute to the formation of twinnings in the later stages of the deformation by serving as 
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precursor [21]. Specifically the Lomer-Cottrell barriers which have prevented the dislocation 

motion provided the stress concentration for the twin nucleation in the later stages of the 

deformation [27,28]. The greater strength of the samples deformed in the [111] orientation was 

related with the activation of these mechanism in the earlier stage of plasticity. In addition to that 

TEM micrographs of [123] sample show the interaction of three different systems of 

nanotwinnings which validates the high ductility of this sample by postponing the plastic 

instability (Figure 7.3b and 7.4a). Nanotwinning formation and their interactions were observed 

in the austenitic steels earlier and they were concluded to be the major cause for the brittle 

fracture in these materials [29]. However in the current study although a high volume fraction of 

the twin-twin interactions was observed the fracture showed ductile behavior for all of the 

orientations. This can be stemming from the gliding of dislocations along the twin boundaries 

and interaction sites which would eventually lead to the relief of the high stress concentration of 

these sites [20,30].  

 

 

Figure 7.3. TEM micrographs and diffraction patterns of the samples in [123] orientation 

deformed up to (a) 10% and (b) fracture. 
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Figure 7.4. TEM bright field images of NiCoCr samples in [123] orientation deformed up to 

fracture. 

 

Figure 7.5. TEM micrographs and diffraction patterns of the samples in [110] orientation 

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

 

  Overall these results show that unique combination of the elements in NiCoCr MEA 

provides this alloy to exhibit unprecedented mechanical and microstructural properties upon 

tensile loading. It presents a high work hardening capacity due to dissociation of perfect 

dislocation into Shockley partials in the early stages of plasticity and, activation and interaction of 

nanotwinnings in the later stages. The high stress concentration of the interaction sites of the 

nanotwinnings was relieved by allowing the dislocation glide along these boundaries which also 

leaded to a ductile fracture of this material. Considering the superior mechanical properties of the 

MPEAs in lower temperatures the further investigation of the NiCoCr at lower temperatures 

would result with much better strength and ductility combination. 
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8. CONCLUSION & FURTHER ELOBORATIONS 

 

 Metallic materials have been utilized in various applications throughout the centuries. 

Technological improvements and development of new materials with superior properties has 

further expanded their use in aerospace, automotive, biomedical and civil engineering. In this 

thesis the relationship between the microstructure and the mechanical properties of novel 

metallic material has been investigated. Mechanical tests were carried out on the materials which 

are utilized as structural or biomaterial.  The tests were expanded to construct the relation 

between the biocompatibility and, the microstructural and mechanical properties of the material.  

 For this purpose initial experiments were carried out on the stainless steel implant 

materials which have been subjected to tensile test up to different levels of strain. The activated 

plastic deformation mechanisms were observed via different microscopy techniques and their 

relation with the cell adhesion response was analyzed. The findings of this study showed the 

enhanced brain tumor cell response on the sample with the greatest amount of plastic 

deformation which catalyzed the formation of focal contacts on the implant surface due to the 

greater energy provided by the activated mechanisms. In addition to that this study showed that 

the surface topography was also modulated with the micro deformation mechanisms, such that 

the surface roughness increased with the enhanced plastic strain. In order to understand whether 

a different type of cell would respond in a similar way or not the fibroblasts cells were also 

seeded on these deformed steel implants. On the contrary to the enhanced response by the 

tumor cells the adhesion behavior of fibroblasts did not direct relation with the plastic strain. 

These findings point out the significant effect of the microstructure of the material on the 

biocompatibility of the material.  

 In order to thoroughly comprehend the parameters affecting the biocompatibility of the 

metallic materials further experiments were carried out. The biocompatibility of the Nickel 

Titanium (NiTi) orthodontic archwires were evaluated with immersion tests through the 
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incorporation of the realistic mechanical conditions into ex situ experiments. This study showed 

the significant effect of this critical approach, such that the toxic Ni ion release increased 

significantly due to stress corrosion cracking (SCC). The stress accumulated in the bracket 

archwire contact sites in concomitant with the corrosive environment of the artificial saliva (AS) 

created cracks on the archwires. Overall the findings of this study demonstrated the need for 

incorporating both realistic chemical and mechanical conditions into the ex situ biocompatibility 

experiments in order to manufacture orthodontic archwires with enhanced biocompatibility.  

This study was followed by the investigation of the dissolution-reformation cycle of the 

protective oxide layer which plays critical role for preventing the Ni ion release. The 

characterization of the NiTi archwires immersed in AS with different pH values and immersion 

periods showed enhanced Ni ion release in the most corrosive solution and the oxide layer 

dissolution-reformation cycle within the 14 days of immersion period. The dissolution of the 

oxide layer enhanced ion release whereas during reformation the net contribution of Ni ion 

release decreased significantly. Furthermore the oxide layer formation was catalyzed on the 

regions with larger surface energy such as grooves and thus surface roughness was in direct 

relation with this cycle. These findings showed that in order to achieve the highest degree of 

biocompatibility and an efficient treatment the thorough analysis of the oxide layer dissolution-

reformation cycle by the incorporating of the surface roughness and ion release behavior 

constitute utmost importance.  

Having understood the critical parameters that strongly affect the biocompatibility of the 

metallic materials the relation of the microstructural and mechanical properties of the metals have 

been further investigated. In order to observe the activation of slip and twinning mechanisms, 

and capture their interaction metals with complex microstructures were subjected to mechanical 

testings. Initially polycrystal Hadfield steel with low stacking fault energy was subjected to ultra 

fast deformation which has promoted the activation of nanotwinnings, dislocations and 
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dislocation-twin interaction. In addition to that the formation of nanotwins within the primary 

twins was observed in the regions affected the most from the explosion. This study shows that 

activation of twin-twin interaction promotes the strengthening of the material and thus the 

material can endure the great amount of plastic deformation.  

With the aim to better understand the activation of plastic deformation mechanisms 

single crystal NiCoCr samples were subjected to mechanical tests where the complications that 

may stem from the grain boundary effect and the interactions between the neighboring grains 

were eliminated. The studies carried out on polycrystalline NiCoCr alloy have presented the 

superior properties of this alloy compared with its quinary or quaternary counterparts. In the 

current thesis three crystallographic orientations were utilized ([110], [111] and [123]) and the 

desired plastic deformation mechanisms were preferentially activated. The results showed the 

strong orientation dependence of the stress-strain response of the crystals. The greater ductility 

of the sample with [123] was related with the enhanced twin-twin interaction which delayed the 

onset of necking. On the other hand analyses carried out on the [111] sample showed the 

interaction of nanotwinnings and dislocations where the dislocation motion was impeded by the 

twins. This has promoted the strain hardening and the increased the strength of this sample. 

Overall this study shows the significant influence of orientation on the mechanical response and 

microstructural evolutions. In order to evaluate the mechanical behavior of polycrystalline 

NiCoCr the findings of the single crystal need to be incorporated. 

In this dissertation the author has analyzed the novel metallic materials from 

interdisciplinary applications. The findings show that the mechanical property of a metal is 

strongly influenced by its microstructure. Through these testings superior metallic materials to be 

utilized for aerospace applications at cryogenic temperatures can be developed and space 

exploration can be promoted further. In addition to that for the metals to be utilized in 

biomedical applications these two properties need to be incorporated into the biocompatibility 
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investigations in order to obtain metallic implants which can promote the highest cell attachment, 

shorten the recovery period and eliminate the post-surgical complications.  

The findings of this dissertation evidenced enhanced cell viability and attachment 

behavior through the manipulation of the implant microstructure. However these results were 

confined with the SEM and Confocal Microscopy observations which were limited in the larger 

scale. As a future work author aims to investigate the cellular attachment in the small scale 

facilitating the TEM analysis. In this way the interaction of the cells with the micro deformation 

mechanisms would be observed in more detail and the most critical regions (i.e. twin-slip 

interaction sites, grain boundary, twin boundary…) influencing the cell response can be pointed 

out.     
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