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Název práce: Optimalizace vlastností Ti slitin pro biomedicínské a strukturní 

aplikace 

Autor: Josef Stráský 

Katedra / Ústav: Katedra fyziky materiálů 

Vedoucí doktorské práce: Doc. RNDr. Miloš Janeček, CSc. 

Abstrakt: Slitiny titanu patří mezi nejpoužívanější materiály pro výrobu tělních 

implantátů. Předkládaná dizertace se věnuje experimentálnímu studiu pokročilých 

technologií povrchových úprav titanových implantátů a vývoji nových beta-

titanových slitin pro využití v ortopedii. Široké spektrum experimentálních technik 

bylo využito pro studium souvislostí mezi přípravou materiálu, mikrostrukturou a 

mechanickými vlastnostmi. Elektroerozivní obrábění bylo využito netradičně jako 

povrchová úprava pro zvýšení biokompatibility slitiny Ti-6Al-4V. Nevýhodou 

povrchové úpravy je snížená únavová odolnost. Dvě následné úpravy povrchu – 

chemické leptání a kuličkování – byly navrženy pro zvýšení únavové odolnosti. 

Dosažená únavová odolnost je dostatečná pro využití takto upraveného materiálu 

v ortopedii. Tento proces byl patentován českým úřadem průmyslového vlastnictví. 

Dizertace dále shrnuje dosažené poznatky v oblasti biokompatibilních beta-slitin Ti. 

Na základě výchozí slitiny Ti-Nb-Zr-Ta bylo navrženo několik nových slitin 

s příměsemi železa, křemíku a kyslíku. Vliv příměsí na mikrostrukturu, modul 

pružnosti a pevnost byl detailně experimentálně studován a diskutován. Několik 

připravených slitin vykazuje vhodné mechanické vlastnosti pro využití v ortopedii.  

 

Klíčová slova: slitiny Ti, použití v medicíně, povrchové úpravy, mechanické 

vlastnosti 
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Abstract: Titanium alloys belong to the mostly used biomaterials for orthopaedic 

implants. Advanced surface treatments of Ti alloys for orthopaedic use and newly 

developed biomedical beta-Ti alloys are investigated in this thesis. Wide spectrum of 

experimental techniques was employed in order to correlate material processing, 

microstructure and mechanical properties. Electric discharge machining was used as 

a biocompatibility enhancing surface treatment of Ti-6Al-4V alloy, but the treated 

material suffered from the poor fatigue performance. Two subsequent surface 

treatments – chemical etching and shot-peening – were proposed and it was shown 

that their combination significantly improves the fatigue performance of the material 

making it applicable in orthopaedics. This process was patented in the Czech 

Republic. The thesis further reviews complex problematic of biocompatible beta-Ti 

alloys. Several new biocompatible beta-Ti alloys were designed on the basis of Ti-

Nb-Zr-Ta quaternary alloy. The effect of Fe, Si and O additions on microstructure, 

elastic modulus and strength of the material was thoroughly experimentally studied 

and discussed in detail. Several alloys exhibit promising mechanical properties for 

a biomedical use.     
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1 Introduction 

The thesis started in the summer 2009 when the cooperation between the Department 

of Physics of Materials and company Beznoska Ltd. begun. This cooperation was 

institutionalized since 2011 in a project by Technological Agency of Czech 

Republic. Company Beznoska is mainly engaged in the production and sale of 

orthopaedic body implants. This thesis presents main results achieved during this 

research of titanium based material for orthopaedic implants. I conducted a 

significant part of this research, but successful investigation in such complex topics 

requires a team consisting of members with different abilities, experiences and 

interests. Such team made this thesis possible. 

The never-ending demand for products with improved properties in progressive 

fields like biomedicine articulates the need for new devices and procedures. 

Orthopaedic implants, particularly total hip arthroplasty that is relevant for this 

thesis, have been used since 1940s and titanium emerged as a biomaterial already in 

1950s [1]. However, titanium implants are still being improved to achieve better 

mechanical properties and enhanced biocompatibility.  

Presented thesis discusses two somewhat distinct topics: 

1. Surface treatment of titanium orthopaedic implants, in particular using 

electric discharge machining as a surface treatment for the stem of a hip 

implant. 

2. Application of a biocompatible β-Ti alloy as a material for hip implant with 

longer life-time. 

The first topic is a continuation of the research conducted by company Beznoska for 

several years. The work on this thesis brought the main novel idea which is an 

application of two subsequent surface treatments to achieve improved fatigue 

performance and enhanced biological response.  

The second topic belongs to currently very popular area of biocompatible β-Ti alloys. 

The main achievement is developing biomedical alloy whose mechanical properties 

are promising for the orthopaedic application. However, much work must be done 

before clinical use. This thesis also aims on reviewing current state in this complex 

scientific area.  

The thesis is divided to six chapters. The second chapter - theoretical background – 

reviews the physical properties of titanium and titanium alloys; major requirements 

for successful orthopaedic implants and suitability of titanium are discussed. Special 

attention is paid to the development of biocompatible β-Ti alloys based on a Ti-Nb-

Zr-Ta quaternary alloy and to the experimental investigation of surface treatments. 

The third chapter formulates the aims of the thesis, though some of them appeared 

only during the experimental works. Description of experimental procedures follows 
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in the next chapter, where all technologies for material preparation including surface 

treatments are described. A brief description of all techniques used for experimental 

characterization follows. It must be admitted that I could not employ some of 

experimental techniques (e.g. scanning electron microscope, resonant ultra sound 

spectroscopy) and needed the assistance and expertise of colleagues mentioned in the 

acknowledgement. In any case, I tried to understand the fundamentals of employed 

experimental methods and to interpret the results. 

Results and discussion chapter is the most voluminous. The first block describes 

results achieved in investigation of surface treatments. The second block is devoted 

to the experimental characterization of developed Ti-Nb-Zr-Ta based alloys with 

added iron, oxygen and silicon. Discussion is presented along with the results. 

Summary of the main results is provided in the end of each block. Final chapter 

summarizes the most important achievements of the thesis.  
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2 Theoretical background 

2.1 Titanium 

Titanium was discovered by English chemist William Gregor in 1791 in mineral 

ilmenite (FeTiO3). It was named in 1795 after the Titans due to its resistance to be 

isolated as a pure metal. Extracting titanium from its ore minerals rutile (TiO2) and 

ilmenite (FeTiO3) took more than 100 years. In 1910 Ti was isolated by the Kroll’s 

process that still remains the only production technology. Sulfuric acid, chlorine and 

magnesium are used to reduce ilmenite to titanium in four uneasy steps resulting in 

porous substance known as titanium sponge. Sponge must be crushed and melted in 

either vacuum or inert protective atmosphere to get bulk material [2]. Energetically 

and ecologically demanding batch process causes that titanium is three times more 

expensive than copper and just slightly cheaper than silver. It is cheaper to produce 

titanium dioxide that is used as a white pigment e.g. in paint, toothpaste or white 

fireworks. The annual world production of titanium dioxide exceeds 4 million tons, 

compared to approximately 200 000 tons of titanium as a metal [3].  

Titanium is a transition metal and as a chemical element with atomic number of 22 it 

belongs to Group 4 of the periodic table of elements. It has a low density and is a 

strong, lustrous, corrosion-resistant metal with a silver color. Its atomic configuration 

of [Ar] 4s
2
 3d

2
 enables it to form solid solutions with most substitutional elements 

with size factor of ± 20% [4]. 

Titanium and its alloys are of great interest due to their outstanding properties such 

as high specific strength and excellent corrosion resistance. Despite titanium is not a 

noble metal, it is extremely corrosion resistant. Passivation layer consisting mainly of 

TiO2 is formed virtually immediately on the exposed surface and is stable at high 

temperatures and in many chemically aggressive environments including sea water. 

The biggest market for titanium alloys remain aircraft industry. Equipment for 

chemical and petrochemical industry is being increasingly produced from titanium. 

The application in automotive industry is still inhibited due to high price limiting the 

usage of titanium to racing cars. Suspension springs made of titanium alloy were 

successfully used in serial production of Volkswagen Lupo thanks to low density and 

low elastic modulus resulting in total in significant weight savings [5]. More peculiar 

applications include architecture, jewelry, sporting goods and, most importantly for 

this thesis, a medical use [6].  

Titanium is a polymorphic material. Above so-called β-transus temperature (882°C), 

the material consists of β-phase having body-centered cubic (bcc) crystallographic 

structure. Upon cooling, material transforms to α-phase with hexagonal close-packed 

(hcp) structure. Nevertheless, the stability ranges of the α- and β-phases can be 
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altered by additions of alloying elements as schematically shown in Figure 2.1. β-

transus temperature can be shifted by alloying and a two phase region α + β can be 

introduced. The alloying elements might be divided into three groups according to 

their influence on the β-transus temperature: α-stabilizing, β-stabilizing and neutral.  

α-stabilizing elements increase the β-transus temperature with increasing solute 

content, effectively widening the stability range of the  α-phase. In this group, the 

most common alloying additions are Al as a substitutional element and O, N and C 

as interstitial elements. Defined content of oxygen is used to control the strength of 

commercially pure titanium. The most widely used alloying element is aluminium, 

which is sufficiently soluble in both phases. 

On the other hand, the β stabilizing elements lower the β-transus temperature and 

shift the β-phase field towards lower temperatures. These alloying additions can be 

further subdivided into highly soluble β-isomorphous and β-eutectoid leading to 

formation of intermetallic compounds.  

Commonly used β-isomorphous elements are V, Mo and Nb. Cr, Fe and Si are the 

mostly used β-eutectoid elements. 

 

 

Figure 2.1: Effect of alloying elements on phase diagrams of titanium alloys 

(schematically) [2] 

 

In order to compare the effects of alloying elements in titanium alloys, their 

influence was expressed in terms of molybdenum equivalency depending on the 

weight content of each alloying element required for lowering the martensitic β  α 

transformation below room temperature [7]: 

 

 
[Mo]eq: = [Mo] + 0.67 [V] + 0.44 [W] + 0.28 [Nb] + 0.22 [Ta] + 

2.9 [Fe] +1.6 [Cr] + 1.25 [Ni] + 1.7 [Mn] + 1.7 [Co] – 1.0 [Al] 
(2.1)  

The negative coefficient for aluminium reflects its α-stabilization effect.  
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The last group of neutral alloying additions (e.g. Zr, Sn) consists of elements, which 

have only minor influence on the β-transus temperature. The stabilizing effect of 

these elements depends strongly on the content of other alloying elements in ternary 

and more complicated alloys.  

Phase diagram depicted in Figure 2.2 shows qualitatively the effect of the content of 

beta stabilizing elements on the phase composition. Based on this phase diagram, 

titanium alloys are divided into classes according to their phase composition at room 

temperature. α-phase is the only stable phase at room temperature for pure titanium 

and alloys with low content of β-stabilizer – referred to as α-alloys. Increased content 

of β-stabilizer is capable of stabilizing two-phase composition at room temperature, 

which is characteristic for α+β alloys. Note that the martensite start (Ms) temperature 

is above the room temperature in α+β alloys. Since the martensitic transformation is 

a cooperative movement of atoms by a diffusionless shear type process, the partial 

transformation to α-phase cannot be avoided even by fast cooling. 

Martensite start temperature decreases with increasing content of β-stabilizers. When 

the martensite start temperature is lowered below room temperature, the β-phase can 

be retained after quenching. Such alloys are called metastable β-alloys and constitute 

currently the mostly studied group of Ti alloys.  

 

 

Figure 2.2: Pseudo-binary β isomorphous phase diagram (schematically) [2] 
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So-called commercially pure titanium (CP Ti) may contain up to 0.5 wt. % of iron, 

since it is very hard to remove Fe completely when processing from ilmenite ore. 

Some trace elements are also present. Most importantly, the content of oxygen must 

be precisely controlled, because the concentration of interstitial oxygen atoms 

determines the strength of CP Ti. According to the oxygen content, CP Ti is divided 

to Grade 1 to Grade 4. The oxygen content of Grade 1 is 0.18 wt. % and its strength 

is around 240 MPa, whereas the oxygen content of Grade 4 is 0.40 wt. % and its 

strength is 550 MPa. Consequently, elongation decreases from 24% to 15%. 

Furthermore the material becomes brittle for higher oxygen content. Controlling the 

oxygen contamination is therefore crucial technological challenge [3]. Interstitial 

hardening by oxygen atoms is the major hardening mechanism of commercially pure 

Ti and it also affects the strength and the ductility of Ti alloys.  

Grade 2 and Grade 4 are used in chemical industry, power-plants and heat-

exchangers due to excellent corrosion resistance. Additional applications of CP Ti 

include low-weight pressure vessels (e.g. in space-shuttles) and special areas like 

sports goods, architecture, jewellery and also biomedicine, unless high strength is the 

main requirement [2].  

While the α-alloys are not important for this thesis, Ti-6Al-4V representing the most 

important α+β alloy and metastable β alloys are described separately. 

2.1.1 Ti-6Al-4V alloy 

Ti-6Al-4V alloy was developed in early 1950s in the Soviet Union. However it was 

produced just few years later in the USA suggesting successful industrial espionage. 

The alloy was used first exclusively in military aircrafts and in space programme. 

Since 1960s the alloy started to be used also in civilian aircraft manufacturing, which 

is still the main application. Ti-6Al-4V production creates more than 50% of whole 

titanium industry [8]. 

Ti-6Al-4V alloy is the α+β alloy that retains approximately 10% of β-phase after 

slow cooling due to β-stablizing vanadium content. Solid solution strengthening by 

Al atoms, strengthening by phase interfaces thanks to two phase structure and also 

precipitation strengthening by TiAl3 particles cause that the strength of Ti-6Al-4V 

alloy can exceed 1000 MPa after proper thermomechanical treatment. The elastic 

modulus of the alloy is around 115 GPa, which is half of the elastic modulus of 

steels. 

The alloy can be deformed both above β-transus temperature (995°C) in β-field and 

below this temperature in so-called α+β field. Depending on deformation 

temperature and cooling speed, several morphologies can be attained. Lamellar 

structure is formed by cooling from β-field; the faster the cooling rate is, the finer the 
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lamellae are. However, extremely fast cooling rates result in formation of hexagonal 

α’ (alpha prime) martensite [9]. Further heat treatment at around 800°C creates 

equiaxed primary α-particles forming so-called duplex structure. Both α and β phases 

are chemically stabilized by migration of Al and V atoms during heating. Further 

annealing or deformation below β-transus temperature creates equiaxed-globular 

structure consisting of α-grains surrounded by β-phase. The solvus of Ti3Al particles 

is around 550°C, therefore ageing at 500°C is utilized to achieve maximum strength. 

More information about processing of Ti-6Al-4V alloy can be found in [2]. It is 

worth noting that chemically different two-phase structure is favourable for 

observations by scanning electron microscopy based on Z-contrast. Despite Ti-6Al-

4V alloy is still by far the mostly used Ti alloy, its relative usage continuously 

decreases and it is expected that more advanced β-Ti alloys will substitute Ti-6Al-4V 

alloy in cutting-edge applications.  

2.1.2 Beta titanium alloys 

Metastable β-Ti alloys have been developed since 1960s [2]. The principal 

advantages of these alloys are good response to heat treatment, ductility, weldability 

and high strength. Examples of β-titanium alloys include Beta C, Beta CEZ, Ti-15-3, 

Beta 21S or TIMETAL LCB [3]. The dominant area of application is the aerospace 

industry. However, in the last two decades, specialized biocompatible alloys have 

also been developed. The mostly used alloying elements are vanadium, chromium, 

iron, molybdenum and niobium. Nb and Zr are regarded as biocompatible alloying 

elements, whereas V, Cr and Co are considered inappropriate [10]. 

2.1.2.1 Phase transformations in beta titanium alloys 

Metastable β-Ti alloys do not contain any α-phase after quenching from temperature 

above β-transus (typically around 600 - 800 °C) – this is so-called beta solution 

treated condition. However, other phases can be formed already during quenching. 

So-called athermal omega phase is formed in less-stabilized metastable β alloys [11–

14]. Athermal omega phase evolves upon annealing at low temperatures (typically 

around 300 – 400°C) into chemically stabilized isothermal omega phase ωiso [15–18]. 

The ωiso particles are precursors for subsequent alpha precipitation occurring during 

subsequent heating at temperatures around 400 – 600°C. Such two-step thermal 

treatment is used to achieve maximum strength in alloys for aerospace applications. 

Omega phase particles are very small (~ 10 nm), coherent and cause significant 

lattice distortion that is responsible for sharp increase of elastic modulus. Omega 

phase formation should therefore be avoided when low elastic modulus is required 

[19].  
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Another unstable phase is martensitic α’’ (alpha double prime) phase that can be 

formed martensitically upon quenching [20–23]. However, it might also be formed 

during deformation – so-called stress induced martensite (SIM) [24]. This effect 

leads to pseudo-elasticity and also shape memory effect [25, 26].  

Upon annealing in the α+β field, stable α+β composition can be finally achieved. 

Morphology of α-phase precipitates depends on complete thermal history of the 

material, precursor phases, diffusion of alloying elements, grain structure, purity and 

other effects. Thermal and thermomechanical treatments leading to different 

morphologies and affecting mechanical properties have been the key challenge to 

material scientist in the last several decades [4, 27, 28].  

2.1.2.2 Hardening mechanisms in beta titanium alloys 

Major hardening mechanism in metastable β-Ti alloys is the formation of other 

phases as described above. Formation of small coherent ω-phase particles leads to 

increased strength, but to significantly reduced ductility. Precipitation of incoherent 

α-phase particles restores the ductility and the maximum strength can be achieved for 

homogenously distributed small precipitates as explained by Orowan [29]. 

Precipitation hardening can be achieved also by titanium carbides and titanium 

borides [30–32]. More related to this thesis is hardening by titanium silicides. Si has 

a very low solubility in both α- and β-phases and contributes to hardening via 

creation of dispersed precipitates Ti5Si3. Moreover, in alloys containing Zr even 

more stable (Ti,Zr)5Si3 compound is formed [33, 34]. Si content of 0.2-0.4 wt.% is 

often utilized in high-strength and high-temperature alloys in aerospace industry in 

order to increase the strength and to suppress excessive creep [3, 35]. 

Solid solution strengthening is fundamental hardening mechanism in alloys. 

Considering bio-tolerable elements, Fe and Ta are known to cause significant solid 

solution hardening [36], whereas the effect of Mo and Nb is low. However, the 

experimental results are often obscured by undergoing phase transitions and changes 

in deformation mechanisms [37, 38].  

Finally, interstitial hardening by increased oxygen content is possible [39]. This 

mechanism is useful only when precipitation hardening is avoided to prevent 

increased elastic modulus.   

Major requirements for biomedical use of titanium alloys are discussed in the next 

section. Further, β-Ti alloys for biomedical use and main considerations for their 

design are discussed focusing on Ti-Nb-Ta-Zr system studied in this thesis. 
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2.2 Orthopaedic implants – major requirements 

Natural ‘big’ joints (e.g. hip and knee joints) are complicated structures that operate 

under critical conditions. Human joints undergo degenerative diseases resulting in 

degradation of their functional properties. Total joint replacement is the ultimate 

solution when the natural joint cannot operate appropriately. Replacement of big 

joints is considered as a major achievement in orthopaedic surgery; however, 

appropriate implant material is also a big challenge for material scientists. Along 

with knee arthroplasties, the total hip replacement is the most demanded joint 

implant. One of the most delicate issues in hip implant design is the femoral stem 

that is crucial for preventing the implant from loosening. Actually, the loosening of 

the implant is one of the most pronounced reasons of implant failure [40]. 152 000 

hip joint replacements were performed in US in 2000, out of that almost 13% were 

revisions and reoperations of previous hip replacement [41]. This percentage will be 

rising due to longer life expectation and the demand for long lasting implants is 

expected to increase significantly in the future.  

Development of orthopaedic implants is a complex and multi-field scientific issue. 

Wide spectrum of superior properties is required for implant material. Mechanic 

requirements and biocompatibility are discussed in the next two sections.  

New cement-less fixation technique (i.e. technique of implanting metallic 

endoprosthesis directly into the bone without bio-inert cement fixation) may 

contribute to the prosthesis life-time [42]. The quality of the bone–implant interface 

is then crucial. Enhanced osseointegration that prevents implant loosening might be 

achieved by special surface treatment [43, 44]. Surface treatments of titanium alloys 

are discussed separately below.  

2.2.1 Mechanical properties 

The strength requirements of total joint arthroplasty restrict the suitable materials to 

metallic compounds only. Due to size limitations, only materials with yield stress 

higher than 500 MPa can be considered for orthopaedic implants of the big joints. 

For the most demanding (and the most demanded) hip implant, an increased yield 

stress is required. Ti-6Al-4V alloy is the benchmark material among titanium hip 

implants and therefore its yield stress above 800 MPa is a typical requirement. The 

strength of the implant material is the most important parameter for implant 

construction. Increased strength generally allows designing smaller implants that are 

usually better accepted by surrounding living tissue.  

Static mechanical properties are not the only limiting factor. All implants are 

cyclically loaded, but cyclic loading is mostly pronounced in the case of knee and hip 

implant obviously due to walking. Simple computation reveals than an implant with 
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a reasonable life-time (> 10 years) must survive several millions loading and 

unloading cycles without a failure. So-called high cycle fatigue (HCF) performance 

of final implant is therefore the crucial issue. The ultimate mechanical test of hip 

implant in commercial practice is a stress-controlled cyclical loading test with 

precisely defined parameters (applied force, implant position and liquid solution 

environment) comprising 5×10
6
 cycles. The fatigue performance of an implant is 

determined by the fatigue performance of the bulk material and the effect of surface 

finish/surface treatment. The HCF performance limit at 10
7
 cycles of Ti-6Al-4V 

alloy varies usually between 500 and 550 MPa, depending mainly on microstructure 

and the surface finish [3]. It must be noted that titanium and titanium alloys are 

extremely notch sensitive and surface finish is therefore of extreme importance [45]. 

Finally, the elastic modulus of the material determining the stiffness of implant is 

currently widely discussed topic in related literature. Typical elastic modulus of 

metallic materials is much higher than that of a bone. Typical elastic modulus of Ti 

and Ti alloys is around 100 GPa, which is half of the elastic modulus of steel, but 

still five times higher than the elastic modulus of cortical bone (10-30 GPa) [46].  

This difference in stiffness of implant and surrounding bone causes that the applied 

load is transmitted through the implant stem and surrounding bone is not loaded. 

This is so-called stress shielding effect. Bone tissue that is not regularly loaded 

become atrophied and is prone to failure. Therefore, materials (namely β-titanium 

alloys or porous titanium) with decreased elastic modulus are being developed.  

2.2.2 Biocompatibility 

Excellent corrosion resistance is a basic requirement for an implant material and also 

one of the principal concerns. Reliable passivation layer must be stable over a wide 

range of pH (pH 3 – 9). Titanium dioxide passivation layer is able to sustain even 

much more aggressive environment than human body environment and therefore the 

corrosion resistance is not considered a major problem in titanium and titanium 

alloys for medical use.  

Biocompatibility (more specifically cytotoxicity) of a titanium alloy is determined by 

the toxicity of alloying elements and their potential release from the implant material. 

In this respect, niobium and tantalum are the most biocompatible elements followed 

by titanium itself. Zirconium and aluminium are considered less biocompatible 

followed by even worse molybdenum [47]. Vanadium is a toxic element, however 

reported negative effect of its release from the implant material remains unclear [48]. 

Along with corrosion, the biocompatibility, cells growth, cells adhesion and 

osseointegration are the surface related topics [49]. Implant materials can be divided 

into three generations. The first generation materials aimed at reducing the immune 

response and the foreign body reaction to a minimum. The second generation 
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biomaterials aimed at development of interaction with the biological environment to 

enhance the biological response, namely improvement of the implant/tissue interface. 

The third generation biomaterials are able to stimulate specific cellular responses at 

the molecular level [50]. 

Titanium as metallic element can be regarded as a first generation material.  

However, favourable surface-treatment promotes implant-bone interaction that is 

typical for the second generation biomaterial. Surface treatments are discussed in 

detail below. It should be noted that biocompatibility properties of materials 

investigated in this thesis have been extensively studied in cooperation with Institute 

of Physiology of Czech Academy of Sciences. Methods and results of this 

investigation are beyond the scope of this thesis and can be found in our common 

publications [51, 52]. 

2.3 Titanium in medicine 

Titanium alloys were extensively applied in orthopaedics due to their superior 

mechanical properties, excellent corrosion resistance and favourable biocompatibility 

for several decades. There are numerous studies reviewing outstanding properties of 

these materials for medical use [6, 8, 41, 53]. Excellent biocompatibility of titanium 

was proven by many authors both in vitro and in vivo [54–56]. However, less often 

reported mechanical properties are of major interest in this thesis.  

Commercially pure titanium (CP Ti) of Grade 2 and Grade 4 is widely used for bone 

fixation (plates, nails, screws), surgical instruments and components. On the other 

hand, CP Ti cannot be used as the total joint replacement of big joints due to its 

limited strength (UTS ~ 400 MPa  for Grade 2 and 550 MPa for Grade 4) [6]. Recent 

technology of severe plastic deformation is capable of increasing strength of CP Ti to 

values comparable to Ti-6Al-4V alloy [57]. Such material is already used for dental 

implants and these technologies may widen the application potential of CP Ti in the 

future [58].  

Despite Ti-6Al-4V alloy was developed for the aerospace industry, it is still the 

workhorse of the orthopaedic implants industry [8]. High strength and related 

increased fatigue performance make this alloy the material of choice for total 

endoprostheses. However, long-term performance of Ti-6Al-4V alloy raised some 

concerns due to release of aluminum and vanadium that are found to be associated 

with long-term health problems [56, 59].  

Ti-6Al-7Nb alloy has been developed as a biocompatible alternative with similar 

metallurgy and equivalent mechanical properties to Ti-6Al-4V [60]. Despite 

generally good properties of these alloys, the principal adverse property is too high 

elastic modulus (around 115 GPa for both Ti-6Al-4V and Ti-6Al-7Nb) that is much 
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higher than that of cortical bone (10-30 GPa). The load that is normally applied to 

bone is carried by the stiff implant and the bone tissue atrophies due to lack of 

functional stimulation. Consequent osteoporosis results in fractures of surrounding 

bone or loosening the implant. For any of these reasons, the life-time of such 

orthopaedic implant is limited usually to 15-20 years [54, 61]. On the other hand, the 

too low elastic modulus causes large amounts of shear motion between the stem and 

the bone leading to the formation of fibrous tissue and fail [62]. The biggest current 

interest is therefore focused on metastable β-titanium alloys with increased 

biocompatibility and decreased elastic modulus.  

The mostly investigated alloying system are Ti-Nb-Zr-Ta alloys that are described in 

detail separately. Ti-12Mo-6Zr-2Fe (TMZF) alloy was developed for biomedical 

application by company Howmedica Osteonics  [63] and applied by Stryker 

company due to its better strengthening capability than Ti-Nb-Zr-Ta type alloys [64, 

65]. Company Stryker developed two types of hip implants utilizing this β-Ti alloy – 

Hipstar
®
 and Accolade TMZF

®1
. These are the first and to our knowledge the only 

hip implants manufactured from β-Ti alloy and they are reported to be successful in 

clinical practise [66, 67].  

2.3.1 Designing biocompatible β-Ti alloys with low 

elastic modulus 

Several approaches for developing β-Ti alloys with low elastic modulus were 

described in scientific literature. 

It has been shown experimentally that the Young’s modulus of β-phase is lower than 

that of α’’-phase. The Young’s modulus of α-phase or ω-phase is even higher. This 

was theoretically explained by [68]. Low modulus alloy should therefore consist of 

pure β-phase and should not be hardened by particles of other phases. It has been 

discussed already in [69] that the phase stability is connected to the electron-per-

atom ratio (e/a ratio) which follows from electron theory of transition metals. Phase 

stability and elastic modulus were correlated to e/a ratio by [70] as shown in Figure 

2.3. The elastic modulus is decreasing with decreasing e/a ratio as long as material 

retains pure β-phase. The elastic modulus might be reduced by suppressing the 

formation of α’’-phase and ω-phase. 

                                                 
1
http://stryker.com/en-us/products/Orthopaedics/HipReplacement/Primary/Pressfit/ 

AccoladePressfit/index.htm 

http://www.hipstarhip.com/ 
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Figure 2.3: Dependence of Young’s modulus on e/a ratio. Solid line - typical 

experimental values, dashed line – attainable values if α’’ and ω phases suppressed 

[70] 

 

Another insight to relation between chemical composition and elastic modulus was 

brought first by Morinaga et al. [71] and widely discussed in [72, 73]. Two quantities 

are important for phase composition and elastic modulus. The first one is so-called 

bond-order (Bo value) while the second one is d-electron-orbital energy (Md value). 

These values are postulated for all transition metals and simple averages based on 

atomic concentratins are used to calculate Bo and Md for alloys. It was formulated in 

[74] that Bo = 2.87, Md = 2.45 eV and e/a = 4.24 lead to alloys with low elastic 

modulus and high strength that can be simultaneously achieved by cold-working. 

These properties of Ti-Nb-Ta-Zr-O alloy are reported to be caused by special 

dislocation-free deformation mechanism involving so-called giant faults; such 

material is then called Gum metal [75]. It is, however, argued that Bo. Md and e/a 

values only do not guarantee the Gum metal effect [76].  

Figure 2.4 is based on diagrams in [72, 73]. The Bo-Md space is divided into three 

regions by Ms and Mf curves related to martensite β  α’’ transformation. Another 

curve divides the Bo-Md space into two regions that differ in dominant deformation 

mechanism - slip and twinning. Minimum elastic modulus is achieved just along the 

Ms curve especially for higher values of Bo and Md [73]. Note that oxygen effect 

cannot be incorporated in the Bo-Md diagram since Bo and Md value cannot be 

postulated for oxygen. However, it is known that oxygen stabilizes β-phase and shifts 

Ms curve to the lower values of Bo [72]. This partly explains that the Gum metal 

effect was achieved particularly in Ti-Nb-Ta-Zr-O alloy in which oxygen prevents 

the formation of α’’ and ω phases [77].  

Despite Bo-Md values are sometimes mentioned in experimental papers [78], 

comprehensive review of numerous experimental results is still missing. It is also 
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argued that effects like deformation during cold-working or grain refinement cannot 

be captured by the Bo-Md diagram [79]. 

 

 

Figure 2.4 Bo-Md diagram. Dependence of the phase composition and the dominant 

deformation mechanism on Bo and Md values. Bo-Md diagram is applicable mainly 

to Ti-Nb based alloys 

 

Another effect of low stability of β-phase is the martensitic phase transformation 

caused by mechanical stress. α’’-phase can be formed as a stress induced martensite 

(SIM) [24, 80]. SIM transition is partly reversible and causes pseudo-elasticity that 

effectively reduces the elastic modulus [25, 81–84]. However, the elastic 

deformation is then not linear and utilization of such materials in orthopaedics is 

questionable.  

Shape memory effect of NiTi alloys was thoroughly studied [85], however, 

biocompatibility of NiTi is inferior to that of Ti-Nb system [86]. β  α’’ 

transformation can be  for achieving shape memory effect in Ti-Nb alloys [87–90] 

Elastic anisotropy of β-Ti single crystal can be also utilized for reducing the Young’s 

modulus via controlling the texture [91]. 

2.3.2 Ti-Nb-Zr-Ta alloys 

The Ti-Nb-Ta-Zr alloying system was already mentioned as a highly biocompatible 

material with favourable mechanical properties.  Different types of Ti-Nb-Ta-Zr 

(sometimes abbreviated as TNTZ or TNZT) have been developed. The two mostly 

used and investigated compositions are Ti-29Nb-13Ta-4.6Zr [61] and Ti-35Nb-7Zr-

5Ta. The latter alloy was developed in 1990s in USA and patented in 1999  [92]. 

This TNZT composition was used as a benchmark material for experimental 

investigations in this thesis. The alloy was designed by experimental testing of 
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different chemical compositions to get minimum elastic modulus. However the Gum 

metal or SIM effects were not taken to account. The most β-stabilized alloy was 

selected from several tested alloys, which suggests that optimal composition may lie 

further in β-stabilized region. Neither α or α’’ are present after solution treatment of 

this alloy [19]. In this condition, the elastic modulus is as low as 55 GPa. Ti-Nb-Ta-

Zr alloy is predetermined for biomedical use also due to low metal release in vitro, 

which is advantageous especially for long-term implants [55].  

On the other hand, the considerable disadvantage of this alloy is its relatively low 

strength. Despite both Zr and Ta provides some solution strengthening compared to 

Ti-Nb binary alloys [93, 94], the ultimate tensile strength reaches only 550 MPa that 

is significantly lower than the UTS of Ti-6Al-4V alloy. Increasing the strength is 

therefore the major issue for using this type of alloy for implants of big joints.  

Several approaches to increase the strength of Ti-Nb-Ta-Zr alloys without excessive 

increase of the elastic modulus were undertaken. The first one is the cold working 

that is able to increase the UTS to above 1000 MPa. However, the typical final 

diameters of the products are insufficient for manufacturing big joint implants [95–

97].  

In this thesis, the strengthening effect of iron, silicon and oxygen is investigated. Iron 

is a strong β-stabilizer and even low content causes hardening of α-alloys via 

clustering and consequent stabilization of β-phase [98]; Fe causes simple solution 

strengthening in β-alloys. The combined effect of Fe and Si was explored in [99]. 

According to this study, Si content increases the strength up to 2 wt. % and the most 

pronounced increase is achieved already for 0.5 wt. %. On the other hand, Si content 

in excess of 1 wt. % reduces significantly the elongation. Fe additions above 2 wt.% 

increase the strength substantially. As a result, the combined alloying of Fe and Si 

leads to higher strength levels. However, the reported study considers the α-phase 

only. Ti-(18-28)Nb-(0.5-1.5)Si metastable β-Ti alloys were studied in [100]. It is 

reported that the Si content up to 1% decreases the elastic modulus down to 48 GPa. 

However, this fact is related to a particular degree of β-phase stabilization and α’’-

phase formation rather than to a special effect of Si. To our knowledge, no study 

examining combined effect of Fe and Si additions to biocompatible β-Ti alloy has 

been published yet.  

On the other hand, the effect of oxygen on phase composition and mechanical 

properties of Ti-Nb-Ta-Zr alloys was investigated in several studies. It was shown 

that oxygen prevents isothermal ω-phase and α’’-phase formation, but promotes α-

precipitation [101, 102]. Increasing stability of β-phase may also lead to increasecd 

in elastic modulus [77]. Increased hardness due to oxygen content changing from 0.3 

wt.% to 0.5 wt.% was reported in Ti-Nb-Ta-Zr single crystals [39]. More related to 
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this thesis is reported finding that 0.46 wt.% of oxygen content increases strength of 

Ti-35Nb-7Zr-5Ta alloy to 1000 MPa for solution treated condition [103]. Several 

mechanisms of plastic deformation are described for Ti-Nb-Zr-Ta-O alloy in [104], 

which illustrates that the effect of oxygen in metastable β-Ti alloys is still not fully 

understood.  

2.4 Surface treatment of titanium alloys for 

biomedical use 

Prolonged implant lifetime is nowadays achieved by the cementless fixation. This 

endoprostheses fixation technique allows direct contact of the implant surface and 

the bone and enables better osseointegration. Bone-implant interface that 

successfully prevents implant loosening is usually achieved via favourable surface 

treatment of an implant [49].  

Both, the topology of the implant surface [105] and its chemical composition [106] 

directly influence the capacity of cells to adhere, proliferate and differentiate, and 

therefore plays a critical role in the long-term integrity of the bone implant. 

Several grades of surface roughness can be distinguished according to the size of the 

irregularities on the material surface. Surface macro-roughness is characterized by 

irregularities from at least 100 μm to millimetres or more in size while nano-

roughness is specified by irregularities less than 100 nm. In between, micro-

roughness is created by irregularities in a micron range [107]. Macro-roughness is 

usually favourable, because the relatively large irregularities may mechanically 

enhance the anchorage of the implant in the surrounding bone tissue. At the same 

time, the irregularities are too large to be felt by the cells. However, the surface 

micro-roughness is a more controversial factor affecting the behaviour of cells on 

artificial materials [108].  Finally, nano-scale roughness of the material surface is 

considered desirable having a positive influence on the adhesion, growth and 

maturation of bone cells [109].  

There are two main approaches to achieve successful osseointegration. First, 

implants made entirely from porous titanium and second, plasma sprayed coatings of 

bulk implants – mainly coating by hydroxyapatite, titanium dioxide or pure titanium 

[110–112]. The latter technology is currently applied by company Beznoska. Bio-

enhancing surface treatments like anodic oxidation [113], acid etching [114], alkaline 

heat treatment [115] and many others were also considered.  

Although surface roughness might contribute to the enhanced biocompatibility, it 

might deteriorate mechanical, namely fatigue, properties of the implant. This occurs 

particularly when surface treatments like acid etching or electric discharge 

machining remove bulk material. These surface treatments are described in detail in 
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the next section. On the other hand, coating technologies are usually not associated 

with decreased fatigue performance. There are also surface-treatments that are 

capable of improving fatigue properties, shot-peening being the most pronounced 

[45, 116]. 

Three surface-treatment technologies are considered in this thesis – well-known 

technique of electric discharge machining (EDM) newly applied as a biocompatible 

surface treatment, chemical etching for removing debris after EDM and finally shot-

peening to restore fatigue performance after previous treatments. These surface 

treatments were applied consequently and their description follows.  

2.4.1 Electric discharge machining 

In this thesis, an electric discharge machining process (electro-erosion, spark-

erosion) is proposed as a surface treatment for orthopaedic implants. Electric 

discharge machining (EDM) is a common machining procedure for materials that are 

not conventionally machineable (e.g. due to their strength, toughness or low thermal 

conductivity). 

An electrical discharge machining device consists of a tool-electrode (usually copper 

of carbon) and a workpiece serving as the second electrode. In the sinker electric 

discharge machining device, both the electrode and the workpiece are immersed in a 

dielectric liquid (usually hydrocarbon oil or deionized water). The workpiece and the 

electrode are subjected to electric current pulses causing local breakdown of 

dielectric and the flow of high electric current. The spark between the electrode and 

the workpiece locally melts the metallic material. Molten material is partly flushed 

away by the dielectric liquid, which causes required material removal. The surface of 

the workpiece after the EDM consists of craters after high temperature sparks and 

drops of molten metal that is quenched by the dielectric [117]. EDM therefore affects 

the surface roughness and is responsible for creation of subsurface layers as reported 

for many various materials [118] and also in detail for Ti-6Al-4V alloy [119]. The 

resulting surface roughness depends on the parameters of the EDM process, namely 

on the peak current [120]. The higher the peak current is, the bigger is the energy of 

one spark and the bigger volume of material is melted. This results in bigger craters 

and increased surface roughness.  EDM has already been proposed as a suitable 

surface treatment for biomedical application due to favourable biocompatibility and 

osteointegration [107, 121]. However, the investigation of decreased fatigue 

performance of osseointegration enhancing EDM process was not undertaken before 

the work on this thesis. More information on EDM can be found in a recent review 

[122] that includes also our published results [51, 123, 124]. Detail investigation of 

fatigue properties of the Ti-6Al-4V alloy after EDM surface treatment is further 

required for potential applications in orthopaedics. 
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2.4.2 Chemical etching and shot peening 

As shown in this thesis and in our publications, EDM surface treatment decreases 

fatigue performance of the material well below acceptable level for the application in 

orthopaedics [123, 124]. Subsequent surface treatments were therefore considered for 

the restoration of fatigue performance and possibly for further improving of 

biological response. Chemical etching is used to remove surface and sub-surface 

layers created by EDM. Unlike commonly used grinding or machining, chemical 

etching does not destroy the favourable surface morphology. Titanium is very 

resistant material to most chemical environments and hydrofluoric acid is the sole 

efficient etchant, usually used in combination with sulphuric acid and nitric acid. 

Environmental and safety issues related to extensive use of hydrofluoric acid may 

limit the applicability of this procedure.  

Shot-peening is a widely-used final surface treatment of titanium and its alloys 

thanks to its significant positive effect on fatigue performance [45, 125].
 
Shot 

peening induces compressive internal residual stresses that prevent initiation of 

fatigue crack. This leads to improved high cycle fatigue performance. Depending on 

material, shot peening may also cause work-hardening in surface layer that also 

contributes to better fatigue performance.   

There is a general agreement that shot-peening and chemical etching separately or in 

combination are capable of inducing surface roughness that promotes 

osseointegration and also that each of these processes alters the chemical 

composition of the surface affecting the osseointegration process [114, 126]. The 

increased roughness after shot-peening is simply caused by the craters after 

peening/blasting and also by embedded shot particles that may also alter the surface 

chemically [116]. Acid etching usually causes finer surface roughness
 
and the 

chemical changes include mainly the oxidation of the surface
 
[127].  

The effect of combined treatment by acid etching and shot-peening on fatigue 

performance was also reported, however in reversed order than is a case in this thesis 

[128]. It was found that acid-etching decreases the fatigue life of the as-machined 

material, but not of the shot-blasted one. 

It must be noted that the outcome of reported experiments depends heavily on many 

parameters like material of the shots, their sizes and parameters of peening/blasting 

and similarly on the composition of the etchant its temperature and the time of 

etching.  

Despite many previous studies, chemical etching and shot-peening have never been 

used as a supportive surface treatment after EDM in titanium alloys for a biomedical 

use.  
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3 Aims of the thesis 

The topic of titanium alloys and their use in medicine was not studied at the 

Department of Physics of Materials before this thesis started. This may be the reason 

that proper aims could not be formulated before experimental works begun. 

However, I believe that the title aim: Optimization of properties of Ti based alloys 

for biomedical and structural applications was fulfilled for the biomedical part, 

whereas the structural applications in the title shall be considered as a historical 

relict.  

The aims of the thesis can be divided into two blocks each containing few particular 

aims:  

1. Surface treatment of titanium orthopaedic implants 

a. To characterize experimentally properties of Ti-6Al-4V alloy after 

electric discharge machining and to optimize parameters of EDM. 

b. To develop subsequent surface treatments in order to enhance fatigue 

performance. 

c. To investigate the combined surface treatment by EDM, chemical 

etching and shot peening, to optimize processing parameters and to 

discuss achieved fatigue properties. 

 

2. Development of biocompatible β-Ti alloys as a material for hip implant 

a. To discuss favourable chemical compositions of biomedical β-Ti 

alloys for achieving low elastic modulus and strength comparable to 

benchmark Ti-6Al-4V alloy. 

b. To manufacture and experimentally characterize Ti-Nb-Zr-Ta alloy 

with different Fe, Si and O content. 

c. To discuss the effect of alloying elements on elastic modulus and 

strength.  
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4 Experimental procedures 

4.1 Ti-6Al-4V alloy 

The Ti-6Al-4V alloy was used for all investigations involving surface treatments. 

The chemical composition is declared by the supplier: Al (5.5 – 6.75 wt.%), V (3.5 – 

4.5 wt. %), O (<0.2%), Fe (< 0.3 wt. %) and C (<0.1%), H (<0.015 wt. %) and N (< 

0.05 wt. %). Three different microstructures of original material were used in this 

study. The first one is referred to as globular or equiaxed structure. This is the 

commercial material routinely used for manufacturing orthopaedic implants by 

company Beznoska. Its microstructure is depicted in Figure 4.1 a). It might be 

observed that material consists of very fine equiaxed alpha grains (up to 5 μm) and 

corresponds to the standardized microstructure of type A4 in [129]. The processing 

of this material is unknown, but the microstructure suggest that the material is 

processed by so-called mill annealed processing route [2]. The second microstructure 

depicted in Figure 4.1 b) is referred to as bimodal or duplex. The two-step heat 

treatment has been employed in order to obtain such microstructure. The material has 

been annealed at 980 °C for 1 hour (just below the β-transus temperature) and water 

quenched. The material has subsequently been annealed at 800°C for 1 hour and air 

cooled. The microstructure is characterized by 15 – 20 % of primary alpha phase 

with grain size of about 20 μm. The third prepared microstructure can be referred to 

as coarse lamellar. The material has been annealed at 1050 °C for 1 hour (above the 

β-transus temperature) and air cooled. Subsequently, it has been annealed for 1 hour 

at 800°C and air cooled again. The final microstructure is shown in Figure 4.1 c). 

The two latter microstructures were given final aging treatment at 500°C for 24 

hours. 

  

 
Figure 4.1 a) Light microscopy image of 

globular (equiaxed) microstructure 

 

 
Figure 4.1 b) Light microscopy image of 

duplex (bimodal) microstructure 
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Figure 4.1 c) Light microscopy image of 

coarse lamellar microstructure. 

 

4.2 Surface treatment 

4.2.1 Electric discharge machining (EDM) 

Electric discharge machining (EDM) with high peak currents (21A – 79A) was 

applied in order to induce sufficient surface roughness [130]. Performed EDM 

process employed the graphite electrode and hydrocarbon oil as a dielectric liquid. 

Based on tensile tests results, peak current of 29 A was selected for most 

investigations. In order to improve fatigue properties of material after EDM, the 

subsequent heat treatment was utilized. Three different heat treatments were 

employed. The first two treatments – 700°C/800°C for 2 hours – serve as 

recrystallization and stress relieving heat treatments for surface and subsurface 

layers. The third heat treatment – 500°C for 2 hours – evokes age hardening of 

surface and subsurface layers.  

Benchmark plasma-sprayed samples were prepared from the same original material. 

The surface after wire cutting was sand-blasted and subsequently a layer of titanium 

dioxide of approximately 0.8 mm in thickness was plasma sprayed on the surface. 

These benchmark samples were used for the evaluation of the surface roughness. 

4.2.2 Chemical etching 

The chemical etching using strong Kroll’s reagent (50 ml HF, 150 ml HNO3, 10 ml 

H2SO4, 300 ml H2O) was employed after EDM. Samples were etched for 4 minutes, 

then cleaned in water and further mechanically cleaned using brass brush. Etching 

for 4 minutes was then repeated in order to remove the surface layers with weakly 

bound particles. Samples were finally cleaned in water again.  
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4.2.3 Shot-peening 

Shot peening was performed using Injektoranlage - model 1000 shot peening 

machine by OSK Kiefer employing pressure of 2 bars. Mixture of SiO2 and ZrO2 

ceramic balls was used. Two different shot-peening processes were applied. In the 

first process, ceramic balls 350 μm in diameter were used as the shot peening 

medium, and a total Almen intensity of 0.10 mmA was applied (SP1). In the second 

process, ceramic balls approximately 125-250 μm in diameter were used, and the 

highest attainable Almen intensity for this medium 0.17 mmA was applied (SP2). 

The purpose of the second process was to use small ceramic balls that can hit also the 

depressions (‘pits’) of the rough surface after EDM since the depressions are the 

preferential places for fatigue crack initiation.  

4.3 Development of Ti-Nb-Ta-Zr type alloys 

4.3.1 Alloys fabrication 

Two different series of Ti-Nb-Zr-Ta based alloys were prepared. Chronologically, Fe 

and Si effect was investigated in the first series and combined Fe, Si and O effect in 

the second series.  

In the first series, six different alloys were proposed and manufactured. A TNZT 

alloy with chemical composition 51.7Ti-35.3Nb-7.3Zr-5.7Ta (wt.%) or 68.7Ti-

24.2Nb-5.1Zr-2.0Ta (at.%) was used as a benchmark. The following scheme 

describes the six tailored alloys utilizing 0-2 wt.% Fe additions and 0-1 wt.% Si 

additions: 

 

TNZT TNZT+0.5Si+1Fe 

TNZT+1Si TNZT+0.5 Si+2 Fe 

TNZT+2Fe TNZT+1Si+1Fe 

Table 4.1: Chemical composition of alloys in series 1 based on TTi-

35.3Nb-5.7Ta-7.3Zr alloy. Si and Fe content are given in wt. % 

Material was prepared in company UJP Praha that has an experience with producing 

these reactive materials [97, 131]. Alloys were produced by arc melting of pure 

elements under low pressure of clean He atmosphere (350 mbar). Each part of the 

sample was remelted at least six times by electric arc to ensure the homogeneity. 

Samples of an approximate weight of 200 g in the shape of small bricks were 

homogenized at 1400°C for two hours and furnace cooled. This condition is referred 

to as the as-cast condition.  
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Material was then forged in company Comtes FHT using forging hammer into shape 

of rods. Material was heated to approximately 1100°C before forging; however, the 

forging temperature was not controlled. Since no α-phase was observed only along 

the surface, the forging temperature of bulk material did not fall below β-transus 

temperature. Rods were machined to the diameter of 14 mm. This condition is 

referred to as the as-forged condition. 

Finally, samples were sealed into evacuated quartz tubes and β-solution treated at 

1000°C/2h followed by water quenching. This condition is referred to as the as-

annealed condition. For some investigations, annealing at 1150°C/2h was used; it is 

explicitly mentioned in the following when this particular condition is considered. 

Our results presented in Chapter 5 showed that the properties of these alloys were 

improved by Fe and Si. However, the strength remains insufficient for intended 

application. At the same time, the high temperature formability of the alloys 

containing both Fe and Si was low and forging resulted in surface cracks.  

Based on achieved experimental results and scientific reports, it was decided to 

produce several more alloys based on the following considerations: 

 Employing oxygen to strengthen the alloy; oxygen can be added during 

melting by adding precise amount of TiO2. 

 Employing less Si, because Si might be responsible for low formability and 

most commercial alloys use only up to 0.2% Si. 

 Employing 2% of Fe, because this amount of Fe improves strength and work 

hardening and has no adverse effect on biocompatibility. 

Twelve different alloys were prepared by arc melting by the same procedure  

 

TNTZ+0.15Si TNTZ+0.4O TNTZ+0.7O 

TNTZ+0.25Si TNTZ+0.25Si+0.4O TNTZ+0.25Si+0.7O 

TNTZ+2Fe+0.15Si TNTZ+2Fe+0.4O TNTZ+2Fe+0.7O* 

TNTZ+2Fe+0.25Si* TNTZ+2Fe+0.25Si+0.4O TNTZ+2Fe+0.25Si+0.7O* 

Table 4.2: Chemical composition of alloys in series 2 based on Ti-35.3Nb-

5.7Ta-7.3Zr Si alloy. Fe, Si and O content are given in wt. % 

 

The forging process was improved for this series of alloys. The castings were cut 

lengthwise to halves to reduce the necessary deformation for forming a rod. Material 

was heated in argon atmosphere to avoid excess oxidation. Unfortunately, the 
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formability of newly developed alloys with increased content of Fe, Si and O was 

again poor. Alloys marked by asterisk in Table 4.2 could not be forged even by this 

improved forging process. The rods from forged alloys were machined to 8-10 mm 

depending on surface damage.  

4.4 Experimental techniques 

4.4.1 Sample preparation and light microscopy 

Samples preparation methodology differs for various experimental methods. Samples 

for tensile tests and samples for fatigue tests were prepared by company Beznoska. 

Electric discharge machining surface treatment was also performed at company 

Beznoska. Etching was optimized and performed at the Department of Physics of 

Materials. Shot-peening was done at the Clausthal University of Technology as well 

as  the preparation of benchmark fatigue samples that were prepared by electrolytical 

polishing after machining at temperature -20°C (100 μm removed from the surface 

after machining). 

Direct observation of surface om samples using scanning electron microscopy does 

not require special specimen preparation. The specimen preparation for cross-section 

observations and also for observations of microstructure of β-Ti alloys is the most 

demanding.  

Samples for SEM observations were first cut using Struers Accutom-50 precision 

cut-off machine. Common alumina disks were used for Ti-6Al-4V alloys that is 

comparatively easy to cut. Struers diamond wafering blade and very low feeding rate 

must have been used for extremely tough β-Ti alloys. The samples from Ti-6Al-4V 

alloy for light microscopy microstructure observations and cross section SEM 

observations of surfaces were mounted using Struers CitoPress-10 to electrically 

conducting resin PolyFast. On the other hand, β-Ti samples were fixed to aluminum 

holders using gel based fast power glue.  

Both types of samples were ground and polished utilizing 320, 500, 800, 1200, 2400 

and 4000 grit SiC papers. At least 0.3 mm must be removed after cutting to avoid 

affected layer. Later it was found that grinding until 1200 grid is sufficient or even 

favourable before the next step. Final polishing was done using Buehler vibratory 

polisher (so-called vibromet). Three-step procedure includes consequent polishing 

using two alumina solutions (0.2 μm and 0.05 μm alumina) and finally colloidal 

silica, all polishing media were purchased from company Allied. Automatic 

polishing should be done for 6-10 hours in each step. It has been found that poor 

surface quality of specimens after previous grinding can be improved by longer 

polishing in the first step (even 24 hours). On the other hand, excessive length of 
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polishing in the final step often results in surface contamination. Careful cleaning of 

samples and holders must be done between the steps.  

The disadvantage of mounted samples is that alumina and silica vibromet baths get 

contaminated by carbon containing resin. On the other hand, manipulation with 

mounted samples is easier and it is sufficient to cut properly one side of the sample 

and virtually any shape can be mounted and successfully prepared. Preparation of 

non-mounted samples is more complicated – flat sample with two parallel sides must 

be cut for fixing and further manipulation gets more complicated as well. However, it 

has been found that conductivity of mounted resin is sufficient for SEM 

observations, but insufficient for long automatic EBSD measurements during which 

mounted samples got charged. Non-mounted samples were therefore preferred.  

Microhardness can be easily measured for mounted samples and also for non-

mounted samples before unsticking – this requires that microhardness is measured 

before SEM observations; microhardness indents are therefore visible in some SEM 

images.  

For silicides observations using light microcopy, the weak Kroll’s etchant was used 

after vibromet polishing: 2 ml of 40% fluoric acid, 4 ml of 65% nitric acid and 50 ml 

of water, etching for 15 s. Grain structure was observed only using differential 

interference contrast (Nomarski contrast) after etching in the solution consisting of 2 

ml of 40% fluoric acid, 5 ml of 30% hydrogen peroxide and 50 ml of water for 2 

minutes. 

Light microscopy was performed using Olympus GX 51 light microscope equipped 

with differential interference contrast (Nomarski contrast) option. Images were 

processed in NIS-Elements software package.  

4.4.2 Scanning electron microscopy 

The description of scanning electron microscopy and the description of tensile testing 

closely follows [4]. Extensive SEM observations were performed using the scanning 

electron microscope FEI Quanta 200F equipped with field emission cathode (FEG) at 

the accelerating voltage of 20 kV. The electrons emitted from the field emission gun 

(cathode) are first accelerated by the potential difference between the cathode and the 

anode. The electron beam then passes through a series of magnetic lenses designed to 

focus the beam. Finally, the beam is deflected in the x and y axes by a pair of 

scanning coils, thus scanning in a raster fashion over a rectangular area of the sample 

surface. 

As the primary beam hits the sample, the electrons interact with the atoms of the 

material within a volume known as the interaction volume. The size of the 

interaction volume depends on the energy of the primary beam, the sample density 
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and the atomic number of the atoms in the specimen. The interaction between the 

electron beam and the sample results in reflecting and emitting electrons with 

different energies and also in emitting x-ray radiation. Different signals from these 

electrons can be detected.  

Back-scattered electrons (BSE) form one of the most important signals. This type of 

signal consists of high-energy electrons originating from the primary beam, which 

were reflected (back-scattered) by elastic interactions with the atoms in the sample. 

The amount of the back-scattered electrons depends on the atomic number of the 

specimen. Heavy elements with higher atomic number scatter the electrons more 

strongly than light elements, therefore the number of the back-scattered electrons is 

higher and the regions with heavier elements appear brighter in the BSE image. For 

that reason, the back-scattered electrons are used to observe the chemical contrast of 

the specimen (so-called Z-contrast). The amount of the back-scattered electrons also 

depends on crystallographic orientation. When crystal channels are parallel to 

primary beam (i.e. when the atom columns are far from each other in direction 

parallel to the primary beam), the primary electrons in average penetrate deeper to 

the sample. After their reflection, lower amount of the back-scattered electrons 

escapes from the sample and such grain appears darker [132]. Thanks to different 

grain orientations, grain structure can be partly observed in BSE signal due to this 

channelling contrast effect.  

Another common imaging mode employs the signal of secondary electrons (SE). 

These electrons are ejected from the electron shells of specimen atoms by inelastic 

scattering of the primary beam. They have low energy (< 50 keV), therefore only 

those secondary electrons which are emitted near the surface can exit the sample and 

can be detected. The amount of secondary electrons emitted from the sample depends 

on the topology of the surface. More secondary electrons tend to be emitted from 

steep surfaces and ledges, which results in seemingly three dimensional image of 

surface topology.  

Note that the sample must conduct away excessive electrons (except for special low-

vacuum modes or charge compensation that were not employed in this work). When 

observed surface of the sample contains non-conducting particles, they become 

charged and appear white and shining.  

An electron from the primary beam can also interact with inner shell electron of the 

atom ejecting the electron from its orbital. The atom is left in an excited state with 

missing inner shell electron. An electron from an outer, higher energy shell then fills 

the inner shell vacancy. The energy difference between the two shells is a 

characteristic value for each element. This excess energy can be released in two 

ways. In the Auger process, the energy is used to eject another outer shell electron. In 

the characteristic x-ray process, the difference in energy is released in the form of an 
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x-ray. The energies and quantities of characteristic x-rays are measured by an 

analytical technique called energy dispersive x-ray spectroscopy (EDS or EDX). As 

the energies of the x-rays are characteristic for the particular element, the elemental 

composition of the specimen can be determined.  

4.4.3 Electron back-scattered diffraction (EBSD) 

Electron backscatter diffraction (EBSD) is a microstructural crystallographic 

technique for the determination of crystallographic orientation. Texture, grain size 

and distribution, the misorientation and shape of individual grains, the types of grain 

boundaries and many other microstructural features may be obtained from EBSD 

results. However, in this thesis, EBSD measurements were used only as an efficient 

tool for microstructure observations. 

The principle of the EBSD method is based on image analysis of so-called Kikuchi 

lines observed on the screen of special EBSD detector/camera. The formation of 

Kikuchi lines is caused by inelastic electron scattering. The inelastically scattered 

electron wave length is slightly longer than the wave length of elastically scattered 

electrons and the inelastic scattered electron intensity decreases with increasing 

scattering angle. In certain crystal orientations some planes satisfy the Bragg 

condition (with diffraction angle θ) and the inelastically scattered electrons are Bragg 

diffracted. These electrons are called Kikuchi electrons. The Kikuchi electrons move 

along conical surfaces whose top angle is equal (π − 2θ) and the axis of diffraction 

planes is the normal line. Two hyperbolas are formed by the intersection of the 

conical surfaces and a screen. The hyperbolas seem like straight lines (so-called 

Kikuchi lines) in the central part of diffraction pattern and the distance between lines 

corresponds to the angle 2θ. Crystallographic orientation of material in the incident 

area can be restored from the image of Kikuchi lines by an advanced software 

procedure. The grain structure can be determined from the map of crystallographic 

orientations using special colour coding.  

The EBSD camera by EDAX and OIM software were employed for EBSD 

observations.  

4.4.4 Roughness measurements 

Surface macro-roughness was evaluated using mechanical Perthen profilemeter with 

the resolution of 2 μm. Two important roughness parameters have been evaluated. 

Firstly, Rmax is the difference between the highest and the lowest point of the profile 

in the evaluated region (in our case 2.4 mm) and secondly Ra is average deviation of 

the roughness profile from the mean line: 
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where yi are the deviation of measured points from the mean line.  

4.4.5 Microhardness measurements 

Vickers hardness test assesses the material ability to resist plastic deformation. The 

diamond indenter in the form of a square-based pyramid with the top angle between 

sides equal to 136° is loaded and applied to a flat surface of the sample. 

An indentation left in the specimen after the test has a surface area A, which can be 

determined by the formula  

which can be approximated to give  

where d is the average length of the diagonal left by the indenter. 

The unit of Vickers hardness is represented by Vickers Pyramid Number (HV). The 

HV number is determined by the ratio 

where F is the load applied to the indenter in kilograms-force and A is the surface 

area of the indentation in square millimetres.  

Microhardness was measured using automatic micro-hardness tester Qness Q10a 

with automatic indentation, stage movement and evaluation of indent size. 

4.4.6 Tensile tests 
A tensile test is a mechanical test in which a special sample is subjected to uniaxial 

tensile loading, usually until failure. The specimen is fixed at one end in a static grip, 

while the other end is pulled at a constant velocity. Strain rate can be defined as: 

where v is velocity of the T-bar that pulls the (upper) end of the sample and L0 is the 

initial length of the active part of the sample (i.e. the thinnest part of the sample that 

is deformed). Typical strain rates   are 10
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The load (i.e. the resistance of material to straining) is continuously monitored 

throughout the experiment using a load cell. The applied strain can be measured by a 

mechanical extensometer, video extensometer or laser extensometer. However, the 

strain is often determined from measuring the movement of the T-bar that pulls the 

sample. This approximate measurement is appropriate if we are interested in the 

plastic strain and if the material does not undergo a significant work hardening.  

Multiple properties such as ultimate tensile strength, yield stress, strain, elongation or 

work-hardening characteristics can be found. 

The output of a tensile test is a dependence of stress on strain, in a graphical 

interpretation called the engineering stress-strain curve. In engineering notation, the 

stress is calculated from the applied load F and the initial cross-sectional area of the 

sample S0 as follows: 

where ENG  is so-called engineering stress, F is the load and A0 is the initial cross-

section of the active part of the sample.  

The engineering strain ε is derived from measuring the elongation of the sample and 

can be obtained by equation: 

where L0 is the initial length of the active part of the sample and L is the actual length 

of the active part during measurement. 

It should be noted that the engineering stress-strain curve does not give a true 

indication of the deformation characteristics, since it is based entirely on the initial 

dimensions of the sample. However, these dimensions change continuously during 

the tensile test. When these changes are taken into account in calculation, true stress 

and true strain can be obtained. The true stress is the load divided by the actual cross-

section of the specimen:  

where A is the actual cross-section of the sample. This cross-section can be computed 

from actual length L, initial length L0 and initial cross-section A0 assuming constant 

volume of the active part of the sample during deformation.    

The true strain is derived from the incremental increase in length dL divided by 
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the current length L: 

Dependence of TRUE  on TRUE  is called true stress-strain curve or the flow curve.  

A typical stress-strain curve can be divided into two regions: elastic and plastic. The 

elastic region is observed at the beginning of a tensile test and it is characterized by 

linear dependence of stress on strain. Elastic deformation is caused by stretching of 

atomic bonds and as such it is reversible. 

The yield stress is defined as the applied stress at the onset of the plastic 

deformation. The plastic deformation is irreversible and its onset is evidenced by a 

deviation of the stress-strain curve from the linear trend. When the transition from 

elastic to plastic part is not obvious (e.g. sharp yield point [133]), yield stress value is 

generally set at 0.2% of the plastic strain and is denoted as 2.0 . Yield stress is 

sometimes referred to as yield tensile stress (YTS) or even yield tensile strength. As 

deformation continues in the plastic region, the stress usually increases due to work 

hardening. Further loading results in necking of the sample and the sample fracture. 

Maximum achieved true stress is denoted as ultimate tensile strength (UTS). YTS 

and UTS can be computed either from true stress-strain curve or form engineering 

stress-strain curve, which is a source of confusion. Since YTS values do not differ 

significantly, the UTS determined from the true flow curve might be substantially 

higher than engineering UTS.  

Two different types of samples were used. For surface-treated Ti-6Al-4V alloy, 

rather standard round tensile tests samples with screws were machined according to 

the A5 standard (i.e. 5×diameter = length of active part). The length of the active part 

was 30 mm and the diameter was 6 mm.  The samples were subsequently EDM 

processed which results in a slight reduction in sample diameter (by ~ 0.5 mm).  

For testing the Ti-Nb-Ta-Zr type alloys, round samples without screws were 

prepared. Samples were attached to special holders that ensure axial alignment. To 

reduce the required load, the samples with double reduction of diameter were used 

according to Figure 4.2. The length of the active part is approximately 15 mm and 

the samples therefore comply with A5 standard. Holders are attached to outer radius, 

however only thinner active part is deformed during experiment requiring lower 

load.  

 

 . (4.9)  
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Figure 4.2: Tensile specimen for testing β-Ti alloys 

 

 

Tensile tests were performed at room temperature in the air employing the computer 

controlled Instron 5882 machine using the strain rate of 10
-4 

s
-1

.  

4.4.7 Acoustic emission 

A computer-controlled DAKEL-CONTI-4 acoustic emission system was used to 

monitor acoustic emission (AE) during the tensile test.  Small AE detector MIKRO 

with detection surface of 2.8 mm
2
 was mechanically clamped to the active part of the 

tensile sample. Continuous sampling of the AE signals was utilized. Four channels 

with different amplification (0-20-30-40 dB) and 2 MHz sampling frequency were 

used to detect and store data. An amplification of 35 dB was used.  The results 

presented are extracted on the basis of a standard two threshold-level detection 

procedure. More details on the method and the data analysis are reported in [134, 

135]. 

4.4.8 Fatigue testing 

Fatigue performance of surface-treated material was tested in rotating-bending at 

Clausthal University of Technology. The samples for fatigue tests have been 

machined to hour-glass shape (see Figure 4.3).  

18 mm 

3 mm 

50 mm 

5 mm 
10 mm 

R 5 



39 

 

 

Figure 4.3: Hour glass shaped specimen for fatigue testing in rotating-bending 

The horizontally fastened sample is rotated at a frequency of 50 Hz. One end of the 

sample is vertically loaded. The sample is therefore bent and the upper part is loaded 

in tension, whereas the lower part is loaded in compression. It is possible to 

recalculate the load in rotating-bending to axial load of the sample. The test is 

therefore stress controlled. In rotating-bending, the mean stress is zero and R = -1. 

Cyclical loading was applied until failure. Several samples of the same condition 

must be tested applying different stresses in order to determine complete Wöehler 

curve (S-N curve). S-N curve is the dependence of applied stress on number of 

cycles that a sample underwent until a failure. The highest stress for that material 

survives 10
7

 cycles without a failure is considered a high cycle fatigue-limit and it is 

assumed that if material is loaded below this limit, it will sustain any amount of 

cycles.  

The fatigue failure is caused by initiation of fatigue crack that is followed by crack 

growth and fracture. In the high cycle fatigue regime, avoiding crack initiation is 

crucial. Crack initiation is a surface related phenomenon. For the rough surfaces, the 

depressions are natural sites of crack initiation and the fatigue limit is significantly 

decreased for notch sensitive materials like titanium.  

The fatigue tests were undertaken in the air. For the potential application in 

orthopaedics, the fatigue tests in body fluid simulating solutions might be more 

appropriate, however, the deteriorative effect of such environment in a short-term 

test is very low thanks to excellent corrosion properties of titanium alloys [136]. 

4.4.9 Resonant ultra-sound spectroscopy 

Elastic constants were evaluated by the ultrasonic pulse-echo method [137]. Elastic 

constants are determined from velocities of propagation of quasi-longitudinal (qL) 

and quasi-transverse (qT) acoustic waves. The preposition quasi refers to the fact that 
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the acoustic waves propagating along a general crystal direction of the anisotropic 

solid are not purely longitudinal and purely transversal, but can be divided in one 

nearly longitudinal wave qL with a small shear component and two nearly 

transversal waves qT1 and qT2 with a small longitudinal component. Computing 

elastic coefficients from the set of velocities comparatively simple for cubic 

materials, which is the case of studied β-Ti alloys. Two sets of delayed broadband 

transducers for generating and receiving acoustic waves (10MHz or 30MHz for qL 

waves and 5 or 20MHz for qT-waves) were used with a pulse/receiver system 

DPR50+ (JSR Ultrasonics). The time of flight measurement was carried out by a 

pulse overlapping technique implemented in a digital storage oscilloscope LT264M 

(LeCroy) [138].  
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5 Results and discussion 

In the first part of this chapter, the results considering surface treatment of Ti-6Al-4V 

alloy are described and discussed. Investigation of newly developed beta-Ti alloys is 

described in the second part of this chapter.  

5.1 Surface treatment of Ti-6Al-4V alloy 

The description of results roughly follows the chronology of the investigation. First, 

electric discharge machining as a surface treatment is characterized, including its 

fatigue performance. Investigation of subsequent surface treatments by chemical 

etching and shot peening follows.  

5.1.1 Electric discharge machining (EDM ) 

5.1.1.1 Scanning electron microscopy  

Electric discharge machining process with peak current of 29 A was used for all 

SEM observations. The surface structure after the EDM process is shown in Figure 

5.1 using secondary electrons. It might be observed that surface is heavily damaged. 

EDM process produces debris, craters and drops of molten metal that is quenched by 

dielectrics. The unique side view in Figure 5.1 c) allows observation of complexity 

of the surface and particularly the cavities below the solidified drops.  

 

 

Figure 5.1 a): Surface after EDM process 

– front view 

 

Figure 5.1 b): Surface after EDM 

process – front view 
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Figure 5.1 c): Surface after EDM process 

– side view 

 

 

It is of particular importance that cracks are formed on the surface already during the 

EDM (Figure 5.2). This can be attributed to extreme heating and cooling rates during 

spark formation and quenching by liquid dielectrics, respectively. 

 

 

Figure 5.2 a): Surface after EDM process 

- initiated cracks 

 

Figure 5.2 b): Surface after EDM process 

- initiated cracks 

 

Cross-section of samples treated by EDM is depicted in Figures 5.3 and 5.4. We used 

back scattered electrons contrast of SEM to depict surface and subsurface layers 

thanks to element partitioning in the alloy. Figure 5.3 a) shows the cross-section of 

Ti-6Al-4V alloy with globular microstructure after EDM, Figure 5.3 b) then presents 

more detailed view. The slightly darker areas in the bulk material are interiors of 

alpha grains that are Al enriched. The lighter areas between these grains correspond 

to the vanadium enriched β-phase.  

Intensive heat during the EDM process leads to forming of an affected zone near the 

material surface. The upper surface layer consists of solidified molten metal that was 

not flushed away by dielectric. This recast layer is often referred to as white layer 

due to its appearance in light microscope. The surface layer after the EDM process is 

reported brittle in [118], but without any detailed reasoning. In the particular case of 

titanium, the surface layer might be brittle due to oxygen absorption during EDM. 
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Alternatively, the morphology and high cooling rates suggest that this layer may 

consist of martensitic structure ’ [9].  

The subsurface layer that was heated but not molten during the process is called the 

heat affected zone (HAZ). In Figure 5.3 a), this zone appears brighter than the 

interior, which suggest either Al depletion or V enrichment. ’ martensite is reported 

to be aluminium enriched (8 wt. %) when cooled with fast cooling rates [9]. The 

surface recast layer may therefore attract Al from the heat affected zone, which 

results in Al depletion in HAZ.  

Figure 5.3 also shows the variation of width of both layers. The thickness of the 

white recast layer varies between 8 and 20 μm and the thickness of the tempered 

layer is from 20 to 40 μm.  

 

 
Figure 5.3 a): Cross-section of surface 

after EDM, globular microstructure 

 
Figure 5.3 b): Cross-section of surface 

after EDM, detail 

 

 
Figure 5.4 a): Cross-section of surface 

after EDM, duplex microstructure 

 
Figure 5.4 b): Cross-section of surface 

after EDM, lamellar microstructure 
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The surface and subsurface layers are less prevalent for duplex and lamellar 

microstructure as shown in Figure 5.4, but the basic structure of surface and 

subsurface layers is identical. In the Figure 5.4 b), the two thin arrow points to the 

recast layer and the heat affected zone, whereas the thick black arrow shows that 

element partitioning remains visible for lamellar structure even in the recast layer. 

 

 

Figure 5.5 a): Cross-section and 

surface after EDM process, significant 

carbon deposition on the surface 

 

 

Figure 5.5 b): Cross-section and surface 

after EDM process, significant carbon 

deposition on the surface and below 

resolidified drops  

 

 

The chemical composition of the surface after EDM is of particular importance with 

respect to intended application. Electric sparks during the EDM process inevitably 

decompose the dielectric hydrocarbon oil which results in formation of titanium 

carbides [120]. Significant carbon enrichment was found by energy dispersive X-ray 

spectroscopy (EDX). Figure 5.5 shows the cross-section and the surface of the EDM 

processed sample. In secondary electrons image (Figure 5.5 a), lower panel) the 

surface of the material can be distinguished. Carbon enrichment is illustrated by cyan 

colour in EDX mapping in Figure 5.5 a), upper panel.  The deposition of carbon on 

the surface after the EDM process is clearly visible. These surface remnants probably 

consist of molten metal mixed with carbon from the dielectric liquid that solidified 

again on the surface. EDX analysis proved that at least 40 at. % (16 wt. %) of carbon 

is present in the surface remnants. These remnants are responsible partly for the 

increased surface roughness and may positively affect biocompatibility.  

Figure 5.5 b) shows the SEM picture combining signal from secondary electrons 

along with signal of carbon atoms detected by EDX.  The carbon enriched surface is 

again observable (white arrows). More interestingly, black arrows point to the void 
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beneath the surface that may have been created by a resolidified drop of metal and is 

also carbon-enriched. 

Martensitic layer and possible tensile stresses in the surface layer that may 

deteriorate fatigue properties can be dismantled by suitable heat treatment. We 

performed heat treatment for 2 hours for three different heat treatment temperatures: 

500°C, 700°C, 800°C.  

Surface and subsurface layers appearance after 700°C/2 hrs heat treatment of 

globular microstructure is shown in Figure 5.6. The surface layer is completely 

recrystallized and the heat affected zone is not visible. On the other hand, the 

microstructure of remnants did not change significantly and similarly voids and 

microcracks could not be removed. By comparison with Figure 5.3, it might be 

observed that grain size in bulk material readily increased.  

 

 

Figure 5.6 a): SEM image of cross-

section of surface layers after 

700°C/2h heat treatment, globular 

structure 

 

Figure 5.6 b): SEM image of cross-section 

of surface layers after 700°C/2h heat 

treatment, duplex structure 

 

5.1.1.2 Roughness measurement 

Surface roughness was measured by a Perthen profilemeter. The vertical range of the 

measurement was 100 μm with both vertical and lateral resolution of 2 μm. 

Roughness was measured on three flat samples in different directions and it was 

found that roughness is isotropic. The surface roughness was measured for EDM 

using peak currents of 29, 39 and 49 A and compared to surface roughness of 

commercial plasma-sprayed coating. The results are summarized in Table 5.1.  
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I [A] Rmax [μm] Ra [μm] 

  mean std. dev. mean std. dev. 

29 78 12 11.6 1.4 

39 98 9 15.6 2.3 

49 96 15 15.3 2.5 
Plasma 

spraying 75 13 8.4 0.9 

Table 5.1: Surface roughness of Ti-6Al-4V alloy treated by EDM with different peak 

currents and by plasma-spraying. 

 

The roughness for the peak current of 29 A was measured for all three considered 

microstructures, but no significant difference was found. The roughness of the 

material after EDM is much higher than reported by [107, 139] which can be 

attributed to much higher peak current of the EDM process in our case.  

This kind of roughness can be described as a macro-roughness, because it is 

comparable to the size of the bone cells.  

 

 

Figure 5.7: Surface profile of material treated by EDM with different peak currents 

and by plasma-spraying. 

 

Figure 5.7 shows the surface profiles of samples treated by EDM with three different 

currents and the surface with plasma-sprayed Ti layer. It is obvious that the profile of 

the samples after EDM is characterised by much gentler slopes with round peaks 

further apart. On the other hand, plasma-spraying results in a rugged surface with 
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sharp vertices. The surface profile of TiO2 coating is rather micro-scale when 

compared to the surface profile after EDM. It also suggests that the profile structure 

cannot be completely described by simple statistical parameters Ra and Rmax. 

Smoother surface profile after EDM is favourable for cell growth [51]. 

The differences between profiles after EDM processing with different currents 

cannot be unamgiuously established. However, higher peak current leads to higher 

energy of a single spark and consequently to a higher amount of molten metal per 

single spark. This leads to enhanced macro-roughness with higher ‘peaks’ on the 

surface which are further apart. This reasoning is partly supported by comparing 

EDM 29 and EDM 39 panels in Figure 5.7 or appropriate values in Table 5.1. The 

final surface possesses no porosity since EDM surface treatment does not involve 

any coating technique.  

5.1.1.3 Tensile tests 

The samples for tensile tests were processed by EDM with peak currents of 21, 29, 

39, 72 and 79 A. Three samples per condition were prepared and tested in tension 

until fracture. Figures 5.8 a) and b) show the dependence of yield stress (YTS), 

ultimate tensile strength (UTS) and elongation on the applied peak current. Error bars 

show only the statistical error from three samples, but the total error might be bigger 

especially due to imprecise measurement of diameter of samples with rough surface. 

The benchmark ‘zero current’ state was tested in the as-machined condition. YTS 

and UTS decrease with applied peak current of EDM. The elongation is markedly 

decreased already after application of the lowest used current (21 A). The ductility 

then further decreases with increasing applied current. The bulk material is not 

altered by EDM process and therefore all changes of the mechanical properties are 

attributed to the surface quality. Higher peak currents of the EDM process lead to 

enhanced macro-roughness, increased probability of creation of surface micro-cracks 

and possible creation of brittle martensitic or oxidized layer. Based on these results, 

the current peak of 29 A has been chosen for most experimental work, since it 

already provides sufficient surface roughness and further increase of the peak 

currents lead to deteriorating of the mechanical properties. 
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Figure 5.8 a): Tensile test results – 

strength of the material after EDM 

treatment using different peak currents 

 

 

Figure 5.8 b): Tensile test results – 

elongation of the material after EDM 

treatment using different peak currents 

Figures 5.9 a) and b) show the evolution of yield stress (YTS), ultimate tensile 

strength (UTS) and elongation with heat treatment temperature of surface treated Ti-

6Al-4V alloy with either equiaxed or bimodal microstructure.  The decrease of the 

yield stress after heating at temperatures of 700°C and 800°C can be attributed to the 

increased grain size increased and dissolution of Ti3Al particles [140]. Elongation is 

improved for similar reasons. Grain growth and Ti3Al particles dissolution cause 

longer mean dislocation path resulting in increased elongation. Decrease of YTS and 

UTS, though insignificant, after heat treatment at 500°C remains unclear. It can be 

concluded that tensile properties of material after EDM cannot be improved by 

simple heat treatment.  

 

Figure 5.9 a): Tensile test results – 

evolution of yield stress with heat 

treatment temperatures for globular and 

duplex microstructure 

 

Figure 5.9  b): Tensile test results – 

evolution of elongation with heat 

treatment temperatures for globular and 

duplex microstructure 
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5.1.1.4 Fatigue performance 

Rotating bending fatigue tests were undertaken in order to compare fatigue properties 

of EDM processed samples for three different microstructures. The S-N curves were 

measured for all three microstructures and for both EDM specimens (test samples) 

and electro-polished specimens (benchmark samples). Figures 5.10 a) and b) show S-

N curves for globular (G) and duplex (D) microstructures, respectively. Fatigue 

strength of electrolytically polished (EP) is proved to be at around 550 MPa - in 

accordance with previous results [45]. Substantial decrease in fatigue performance 

after EDM processing is documented. The fatigue limit for 10
7 

cycles was not 

achieved.  

 

  

Figure 5.10 a): Fatigue test results – 

comparison between electro-polished 

samples and EDM processed samples, 

globular microstructure 

 

Figure 5.10 b): Fatigue test results – 

comparison between electro-polished 

samples and EDM processed samples, 

duplex microstructure 

 

Comparison of benchmark EP samples for all three microstructures is shown in 

Figure 5.11 a). Poorer high cycle fatigue performance of coarse lamellar 

microstructure was previously documented [2].  The fatigue performance of Ti-6Al-

4V alloy globular and duplex microstructure generally depends on previous 

precipitation ageing and on grain size [2]. In our investigation, the fatigue endurance 

limit of electrolytically polished samples is equal for both globular and duplex 

microstructure.  

Finally, comparison of EDM processed samples with different microstructures is 

shown in Figure 5.11 b). It can be observed that the effect of microstructure on high 

cycle fatigue of EDM processed samples is very low. High-cycle fatigue 

performance is driven mainly by resistance to crack initiation. Combination of pre-

existing microcrack, rough surface and notch sensitivity of titanium leads to quick 

crack initiation and consequently to short fatigue life. Moreover, in the case of 

rotating-bending test, the effect of surface is even more pronounced [141].  
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Figure 5.11 a): Fatigue test results – 

comparison between different 

microstructures for electro-polished 

samples 

 

Figure 5.11 b): Fatigue test results – 

comparison between different 

microstructures for EDM processed 

samples 

 

 

Low magnification SEM image in Figure 5.12 is an overview of fracture plane of 

sample after EDM. It shows that cracks initiate from a large number of places  on the 

specimen’s surface. Surface roughness causes notch effect and the fatigue cracks 

therefore initiate at these places already during the initial cycles of the loading as a 

result of the high stress concentration at the pits bottoms. More detailed fracture 

surface analysis to explore reasons for such poor fatigue performance can be found 

elsewhere [123]. 

 

 

Figure 5.12: Low magnification SEM 

image, many cracks initiated at the 

specimen surface 

 

 

Figure 5.13: Fatigue test results – 

comparison between electropolished 

samples and EDM processed samples 

with and without subsequent heat 

treatment for duplex structure. 

 

Figure 5.13 summarizes fatigue tests for samples with bi-modal (duplex) 

microstructure including samples that were heat treated after the EDM process. 

Samples, which were heat treated at 500°C temperature, showed the best fatigue 
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performance. This might be attributed to precipitation hardening by Ti3Al particles in 

the surface layers [3]. Comparatively lower temperature prevented grain size growth, 

but already altered surface layers. Fatigue endurance limit is found to be 200 MPa.  

5.1.2 Chemical etching and shot-peening 

Poor fatigue performance of EDM treated material make its application in 

orthopaedics impossible. Two subsequent surface treatments were identified to 

remove damaged surface layers and perhaps improve fatigue properties. Chemical 

etching and shot-peening were applied separately and in a consequence. To our 

knowledge, shot-peening has not yet been considered as a fatigue enhancing 

treatment after electric discharge machining. This section is organized similarly to 

the previous one. First, SEM results are described followed by roughness 

measurements and fatigue tests.  

5.1.2.1 Scanning electron microscopy  

Figure 5.14 shows the cross-section of a sample after EDM (upper panel) and the 

sample after EDM and consequent chemical etching (lower panel). Two 

aforementioned layers are identified in the upper micrograph. Lower micrograph 

shows that etching is capable of removing both surface layers. Etching improves the 

biocompatibility of the material [142] and also provides the necessary cleaning 

before shot peening. 

 

 

Figure 5.14:  SEM image of surface cross-section; upper panel: EDM, arrows point 

to transformed layer and heat affected zone having a varying thickness; lower panel: 

EDM and subsequent chemical etching, no apparent surface layers 

 

Two different shot-peening processes were used as described in the Experimental 

procedures chapter. The first is characterized by bigger peening medium and lower 

peening intensity (SP1), whereas the second (optimized) process employed smaller 

peening medium and maximum attainable intensity (SP2).  Figure 5.15 shows a 
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secondary electron image of the cross-section of the sample after EDM. The surface 

consists mainly of resolidified drops of the metal. Some of them are poorly 

connected to the material and therefore there is a risk of their loosening. On the other 

hand, loose surface particles are not observed on the surface after subsequent shot-

peening (SP1) (Figure 5.15 b)). The surface is free of poorly attached particles and 

also its roughness is significantly lower.  

 

 

Figure 5.15 a): SEM image (secondary 

electrons), surface cross-section, EDM 

processed (EDM) 

 

Figure 5.15 b): SEM image (secondary 

electrons), surface cross-section, EDM 

processed and subsequently shot-peened 

(EDM + SP1) 

 

Figure 5.16 a) is the back-scattered electrons image of surface and subsurface layers 

after the EDM process and subsequent shot-peening (EDM+SP2). Surface remnants 

and two surface layers – the transformed layer and the heat affected zone – are 

pointed out. Surface remnants created by EDM are not completely removed by shot-

peening using smaller shots (SP2). On the other hand, the surface remnants are 

almost completely removed and the transformed layer is mostly etched out after 

EDM and chemical etching and subsequent shot-peening (EDM+CM+SP2) as shown 

in Figure 5.16 b).  

 

 

Figure 5.16 a): SEM image (back-

scattered electrons), cross-section 

(EDM + SP2) 

 

 

Figure 5.16 a): SEM image (back-

scattered electrons), cross-section   

(EDM + etching + SP2) 
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Macroroughness is demonstrated by overview SEM observations of the material 

surface. Figure 5.17 shows the surface of the material after a) EDM, b) EDM + 

etching, c) EDM + shot-peening and finally d) EDM + etching + shot-peening. Drops 

of resolidified metal are visible in Figure 5.17 a). The appearance of the surface after 

chemical milling is only slightly different. The drops of metal are partly etched out, 

but the overall macro-roughness remains unchanged. On the other hand, the surface 

after shot-peening (Figure 5.17 c) and d)) is significantly smoother. The surface is 

completely affected by shot-peening (SP2), including the surface depressions. The 

white particles are remnants of the peening medium (ZrO2 and SiO2), as proved by 

routine energy dispersive x-ray spectroscopy.  

 

 

a) 

 

b) 

 

c) 

 

d) 

Figure 5.17: SEM images (secondary electrons), surface treated by a) EDM b) EDM 

+ CM, c) EDM + SP and d) EDM + CM + SP 

 

Macro- and micro-topography is depicted for all four surface treatments with three 

different magnifications in Figures 5.18 – 5.21. Surface after EDM is depicted in 
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Figure 5.18 a). Material is seriously damaged by EDM; drops of re-solidified metal, 

debris and craters are well visible. More detail images are provided in Figures 5.18 

b) and 5.18 c). Figure 5.19 presents three scanning electron micrographs of material 

after EDM and subsequent etching. Overview Figure 5.19 a) demonstrates the 

material macro-roughness. Red arrows point to the positions of individual discharges 

during EDM that create distinct depressions (‘pits’) on the surface. One of those 

areas is depicted in Figure 5.19 b). The surface structure around the ´pit´ is affected 

by mechanical brushing that is included in the etching procedure as described in the 

Experimental procedures chapter. Significant roughness in micron range is therefore 

induced.  On the other hand, the depressed area was affected only by etching itself. 

Figure 5.19 c) provides detail observation of this area. White areas along the grain 

boundaries and especially at triple junctions coincide with the β-phase [2]. Energy 

dispersive x-ray spectroscopy (EDX) measurements proved that these areas are 

vanadium enriched, which is typical for β-phase particles. Detailed analysis of BSE 

signal proves that those small particles protrude from the surface and therefore create 

surface roughness in nano-range.  

 

 

   

Figure 5.18: SEM observation of surface after EDM; a) overview, b), c) detail of 

surface microstructure. 

 

   

Figure 5.19: SEM observations of surface after EDM and subsequent etching; a) 

overview, b), c) detail of surface microstructure. Rectangles show the area of next 

image with higher magnification. Arrows point to the places of individual discharges 

during EDM. 
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Figure 5.20 shows surface after EDM and shot-peening and Figure 5.21 shows 

surface after EDM, etching and shot-peening. From comparing overview figures 

(Figure 5.20 a) and Figure 5.18 a)) it is clear that substantial part of the macro-

roughness induced by EDM is removed by shot-peening. Figures 5.20 b), c) and 5.21 

b), c) are detail scanning electron micrographs showing remaining micro-topography.  

 

   

Figure 5.20: SEM observations of surface EDM and shot-peening; a) overview, b), c) 

detail of surface microstructure. 

 

   

Figure 5.21: SEM observations of surface after EDM, etching and shot-peening;      

a) overview, b), c) detail of surface microstructure 

 

 

5.1.2.2 Roughness measurement 

Surface macro-roughness was measured in samples after different surface treatments 

and the results are summarized in Table 2. The benchmark electro-polished samples 

(EP) proved to have low macro-roughness below the identification limit of the 

method. EDM process induces large macro-roughness. Note the fact that although 

shot-peening (SP1) itself creates significant surface roughness, it is still much lower 

than the surface roughness of the samples that were EDM processed before shot-

peening (EDM + SP1/SP2). The simple shot-peening process is therefore unable to 

produce sufficient surface roughness. Chemical etching decreases macro-roughness 

only slightly, but shot-peening reduces the original roughness to less than one third. 

Higher Almen intensity of the SP2 process resulted in lower final surface roughness 

when compared to the SP1 process.  
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Condition Rmax [μm] Ra [μm] 

  Mean std. dev. Mean std. dev. 

EP 1 - 0.1 - 

SP1 5.1 0.3 0.36 0.01 

EDM 78 12 11.6 1.4 

EDM + etching 60 10 7.8 1.2 

EDM + SP1 28 5 4.8 0.8 

EDM + SP2 19 3 2.6 0.4 

EDM + etching +SP2 15 2 2.7 0.4 

Table 5.2: Surface roughness of surface treated Ti-6Al-4V alloy. EP – electrolytical 

polishing, EDM – electric discharge machining, SP – shot-peening 

5.1.2.3 Fatigue performance 

Two chronologically consequent series of fatigue tests were undertaken. In the first 

series, SP1 process was employed after EDM and in the second one, fatigue 

performance of material with different combinations of EDM, chemical etching and 

SP2 was investigated.  

 

 

Figure 5.22 S-N curves. Coarse lamellar microstructure. EDM - electric discharge 

machining; SP1 - shot-peening using medium with diameter of 350 μm and 

Almen intensity of 0.10 mmA; EP – electrolytical polishing. 

 

Figure 5.22 compares fatigue performance of the material after EDM and subsequent 

shot-peening (SP1) with two reference surface treatments – the first one was 

prepared only by EDM and the second one by employing electrolytical polishing 

(EP). All four series of samples were prepared from material with a coarse lamellar 

microstructure. The poor fatigue performance of the EDM processed samples is 

improved only slightly by subsequent shot-peening with bigger peening medium 
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(SP1). Although a high cycle fatigue endurance limit (N > 10
7
) was achieved, its 

value is much lower than that of the benchmark electro-polished material, and as 

such it is not satisfactory for the intended application.  

The inefficiency of SP1 processing is caused by large peening medium. It follows 

from SEM observations that the peaks in surface profile after EDM are 

approximately 200 μm apart. Peening medium with mean size around 350 μm 

therefore cannot hit the depressions (‘pits’) that serve as crack initiation sites. The 

positive effect of SP1 is therefore only moderate.  

 

Figure 5.23 S-N curves. Bimodal microstructure; EDM – electric discharge 

machining; Etching – chemical milling employing Kroll’s reagent; SP2 - shot-

peening using medium with diameter of 125-250 μm and Almen intensity of 0.17 

mmA; EP – electrolytical polishing 

 

Figure 5.23 shows the complete Wöhler curves (S-N curves) for samples after 

electric discharge machining (EDM) and samples consequently treated by chemical 

etching (EDM+Etching), shot-peening (EDM+SP2) and a combination of chemical 

etching and shot-peening (EDM+Etching+SP). Finally, EP stands for electrolytically 

polished samples (the reference material) with no adverse effect of surface treatment.  

The fatigue performance of material after EDM has previously been shown to be 

poor. Subsequent etching does not improve the fatigue performance of material after 

EDM and etching, the fatigue limit of only 60-80 MPa was achieved, which is not 

satisfactory for most orthopaedic applications. Since surface layers were successfully 

removed by etching and fatigue performance remains low, it can be concluded that 

poor fatigue performance after EDM can be attributed to the strong notch effect of Ti 

alloys since the roughness remains almost unaltered. On the other hand, shot peening 

has an unambiguous positive effect on fatigue performance. The results obtained for 
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different samples of EDM+SP2 series are not entirely consistent suggesting that 

crack initiation seems to be rather random process. The best results were achieved 

for samples after EDM, chemical etching and shot-peening (curve 

EDM+Etching+SP2). The achieved fatigue endurance limit of 450 MPa is 

comparable to that of electro-polished samples. Similar ‘regression’ of fatigue 

properties to reference value after adverse surface treatment followed by shot-

peening was reported in [128]. This improvement can be attributed to inclusion of 

compressive internal stresses to surface zone of the material, which surpasses the 

adverse notch effect. Achieved fatigue performance for samples after EDM, etching 

and shot-peening is sufficient for intended applications.  

5.1.3 Summary – surface treatments 

Electric discharge machining (EDM) with sufficiently high peak current (29 A) 

produces rough surface with debris, drops and craters. Detailed SEM investigation 

from cross-section showed remnants of EDM process on the surface. These carbon 

enriched (around 40 at. %) remnants are co-responsible for surface roughness. 

Surface recast layer (white layer) and heat affected zone were observed by high-

resolution SEM allowing the proper estimation of width of these layers. Achieved 

roughness and favourable chemical composition promote the cell growth [51]. 

Three different microstructures – globular, bimodal and coarse lamellar were 

prepared and fatigue tests in rotating-bending were performed. EDM processed 

samples showed very poor fatigue performance when compared to their 

electropolished counterparts.  This was originally attributed to pre-existent 

microcracks and brittle surface layers. However further investigation showed that 

even if these layers are removed by etching, the fatigue performance remains poor. 

Therefore, very rough surface with notches is predominantly responsible for such 

low fatigue performance. The literature on rotating-bending tests (R=-1) of Ti alloys 

is scarce [143]. Extreme decrease of fatigue performance at 10
6
 cycles is partly 

consistent with results in [144, 145], where significant decrease of fatigue 

performance is associated with artificial machined notches. Moreover, notches after 

EDM are very sharp leading to further decreased HCF fatigue performance [146]. 

Fatigue properties of EDM processed sample are not particularly dependent on 

original microstructure which is consistent with results on notched samples in [147]. 

Detailed fractography analysis can be found in [123]. 

Subsequent heat treatment after EDM was undertaken in order to improve the fatigue 

performance. Tensile tests showed the decrease in yield stress for any performed 

subsequent heat treatment, whereas the elongation increased for heat treatment at 

700°C and 800°C. Fatigue properties are slightly improved for 500°C/2 hours heat 

treatment. Fatigue performance limit is found to be 200 MPa in this case. It must be 
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noted that neither yield stress nor elongation evaluated from tensile tests shall serve 

as proxies of fatigue performance of surface treated material. 

In order to overcome the poor mechanical properties of EDM processed Ti–6Al–4V 

alloy, chemical etching and shot-peening surface treatments were applied. To our 

knowledge, the combination of these three surface treatments has not been 

investigated yet. Surface roughness measurements showed that the roughness 

achieved by EDM and subsequent shot-peening is much higher than the surface 

roughness achievable by shot-peening only. Since there is a relation between surface 

roughness and cell response, EDM process might be favourable as a surface 

treatment before commonly used shot-peening. Shot-peening after EDM decreases 

the surface roughness, smoothens notches and most importantly creates a surface 

layer with compressive residual stress that prevents initiation of fatigue cracks. 

However, this compressive internal stresses must be created on the whole surface, 

including the depressions (‘pits’) of the rough surface after EDM. Fatigue tests 

revealed the effect of the size of shot peening media on the fatigue performance of 

the material. Shot-peening process employing large peening medium (SP1) did not 

improve fatigue properties sufficiently. The average distance between ‘peaks’ on the 

surface profile after EDM was around 200 µm, whereas the average size of the shots 

in SP1 process was 350 µm.  It is argued, that these large shots could not reach the 

depressions (of the surface. SP1 process is therefore unable to induce sufficient 

compressive stresses in the depressions (‘pits’). On the other hand, small shots and 

high Almen intensity used in SP2 process were capable to increase significantly the 

fatigue performance. Furthermore, chemical etching decreases the surface roughness 

and possibly etches out some surface microcracks, which makes subsequent shot-

peening even more efficient in enhancing the fatigue performance. 

The combination of EDM, chemical etching, with or without shot peening, enhances 

the proliferation of osteoblast-like cells [52, 142] and fatigue performance after EDM 

chemical etching and shot-peening is comparable to the benchmark material with no 

adverse surface effect. Therefore, the proposed three-step surface treatment is well 

applicable in orthopaedics for manufacturing implant material for total 

endoprostheses. The described three-step procedure was patented by Industrial 

Property Office of the Czech Republic as patent no. 304445.   

5.2 Investigation of Ti-Nb-Zr-Ta based alloys 

As described in preparation of these alloys, two series of alloys were prepared 

consecutively. The experimental investigations will be presented separately for each 

alloys series.  
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5.2.1 Series 1 – Light microscopy 

Light microscopy was used to observe grain structure and silicide particles of 

material annealed at 1150°C/2h. Figure 5.24 a) shows the optical micrograph of Ti-

35.3Nb-5.7Ta-7.3Zr (TNTZ) alloy without any additions (benchmark). Despite 

intensive etching no microstructure is visible. Few dispersed black points are 

remnants from polishing [148]. Similar images were obtained for TNZT-Fe alloys. 

Figures 5.24 b) and c) show alloys with Si content. Two types of silicide particles are 

distinguishable. The bigger particles (> 1 µm) are ordered in chains that may 

correspond to the grain boundaries. Smaller particles are distributed almost 

homogenously in the areas without bigger particles, possibly in the grain interiors. 

Figure 5.24 d) shows intermetallic particles in detail. It is obvious that the area with 

higher concentration of bigger particles is depleted of smaller particles.  

 

 

Figure 5.24 a):  Optical micrograph  of 

TNZT alloy (benchmark) 

 

Figure 5.24 b): TNZT+1Si (wt.%), 

obvious intermetallic particles (silicides)  

 

Figure 5.24 c): TNZT+2Fe+0.5Si (wt.%)  

Two types of intermetallic particles are 

present, bigger particles are ordered in 

chains  

 

Figure 5.24 d): TNZT+1Fe+1Si (wt.%), 

detail. Smaller precipitates are visible 
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In Figure 5.25 a) differential interference contrast (Nomarski contrast) is used to 

reveal the microstructure of the benchmark TNZT alloy. Similar microstructure was 

observed for the TNZT-2Fe alloy. It contains coarse grains of the size in the range of 

50 – 100 µm. Few spots and also thin green lines are believed to be remnants from 

polishing and etching. Finally, Figure 5.25 b) shows the Nomarski contrast image of 

material with silicide intermetallic particles. The particles are slightly over-etched for 

easier identification and their apparent size is bigger than in previous figures. Two 

types of silicide particles are clearly seen. By careful observation, it might be found 

that not all bigger particles are distributed along grain boundaries and vice-versa, not 

each grain boundary contains silicide particles. As a result, we assume that annealing 

at 1150°C did not attain the solvus temperature of the (Ti,Zr)5Si3 particles. Therefore 

those particles might have been created during furnace cooling after homogenization 

annealing (1400°C) or even directly after melting. Partial recrystallization during 

forging and subsequent annealing led to movement of some grain boundaries which 

were not sufficiently pinned by silicide particles. Light microscopy appeared to be 

inefficient in grain structure imaging and preparation of samples was actually more 

complicated than for scanning electron microscopy. SEM observations were 

therefore preferred for microstructural observations.  

. 

 

Figure 5.25 a): TNZT alloy, differential 

interference contrast (Nomarski 

contrast); grain structure and few 

polishing remnants are visible 

 

Figure 5.25 b):  TNZT+1Fe+1Si alloy, 

differential interference contrast 

(Nomarski contrast); two types of 

silicides particles are well observable 

 

5.2.2 Series 1 – SEM 

Figures 5.26 a) - f) show the microstructure of all prepared alloys in as-forged 

condition observed by scanning electron microscopy with low magnification using 

channeling contrast which allows revealing grain structure thanks to different 

crystallographic orientations of individual grains. The side of the round samples 
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(perpendicular cuts from rods) is visible in each image. The microstructure of alloys 

without Si content (Figures 5.26  a) and 5.26  b)) is very coarse with grain sizes > 

100 µm. Iron content does not have any observable effect on the grain size. On the 

other hand, Si acts as a grain growth inhibitor. The grain size decreases with 

increasing Si content (compare Figures 5.26  d) and e) to Figures 5.26  b) and f)). 

Intermetallic particles underpin grain boundaries preventing excessive grain growth.  

 

 

Figure 5.26  a) TNZT 

 

Figure 5.26  b) TNZT-1Si 

 

Figure 5.26  c) TNZT-2Fe 

 

Figure 5.26  d) TNZT-1Fe-0.5Si 

 

Figure 5.26  e) TNZT-2Fe-0.5Si 

 

Figure 5.26  f) TNZT-1Fe-1Si 

 



63 

 

Figures 5.27 a) – f) show the microstructure of six prepared alloys in the as-forged 

condition in a more detail. The intermetallic precipitates appear as small black dots 

in Figures 5.27 b), d), e) and f). It is known, that the composition of intermetallic 

silicides in Ti alloys containing zirconium is predominantly (Ti,Zr)5Si3 [35]. 

 

 

Figure 5.27 a): TNZT 

 

Figure 5.27 b): TNZT-1Si 

 

Figure 5.27 c): TNZT-2Fe 

 

Figure 5.27 d): TNZT-1Fe-0.5Si 

 

Figure 5.27 e): TNZT-2Fe-0.5Si 

 

Figure 5.27 f): TNZT-1Fe-1Si 

 

Both images in Figures 5.28 a) and b) were taken from the same sample of the 

TNZT-1Si alloy. The distribution of silicide particles is not the same over the 

sample. Larger particles with sizes 2 – 3 m are usually ordered in chains, sometimes 
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along grain boundaries. Smaller particles with size < 1 m are distributed almost 

homogeneously inside the grains, however they do not appear in vicinity of the 

bigger particles. Such sizes and spacing of silicides allow for strengthening by 

Orowan mechanism. It is argued that silicide particles precipitated already during 

cooling after homogenization treatment (1400°C/2h followed by furnace cooling). 

Gran boundaries and triple points serve as nucleation centres and therefore bigger 

particles evolve here. Some grain boundaries may have moved during hot working 

leaving the bigger particles in the grain interior.  

 

 

Figure 5.28 a): TNZT-1Si, bigger 

particles are ordered in chains 

 

Figure 5.28 b): TNZT-1Si, all particles 

are homogeneously distributed 

 

 

 

Fig. 5.29 TNTZ-2Fe-0.5Si – as-

forged, end of the rod; particles 

1, 2 and 3 correspond to α-

phase, whereas 4 and 5 are 

silicides 

 

Table 5.3: Chemical composition according to 

EDX 

 

Figure 5.29 is a detail backscattered electrons image of area close to the end of the 

as-forged rod. End parts of rods were exposed to temperatures below β-transus 

temperature during forging which results in precipitation of α-phase particles. We 

can therefore observe two types of particles: i) α-phase particles that appear as 

almost black dots and ii) silicide particles that appear as gray dots in this detail 
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image. Five particles were chosen for chemical analysis employing EDX. These 

point analyses can be compared to the average composition based on EDX 

measurement over larger area. Particles 1-3 are found to be α-phase particles, 

whereas particles 4 and 5 are silicides. Results of measurements by EDX are 

summarized in Table 5.3. α-phase particles are significantly titanium enriched since 

all other elements are β-stabilizers that are rejected form the alpha phase. Silicide 

particles are obviously Si enriched, but also significantly Zr enriched confirming that 

Zr is the dominant element in the (Ti,Zr)5Si3  intermetallic particles at the extent of 

Ti. Note that EDX results cannot be taken quantitatively, but serve only for 

comparison purposes. Moreover incident area is bigger than some of the particles and 

therefore presented composition is not solely a composition of a particle.  

5.2.3 Series 1 – Mechanical properties 

Elastic modulus of all alloys was measured by the pulse-echo method for as-forged 

and beta solution treated conditions. Results are shown in Figure 5.30.  Elastic 

modulus of benchmark TNTZ alloy is around 65 GPa, which is in accordance with 

literature [92]. Elastic modulus increases with increasing Fe and Si content. The 

highest elastic modulus is observed for TNTZ+2Fe+0.5Si alloy, however, the value 

of 85 GPa is still significantly lower than that of commonly used Ti-6Al-4V alloy. 

The difference between as-forged and as-annealed conditions is insignificant. 

 

 

Figure 5.30: Elastic modulus measured by pulse-echo methods, series 1 

 

Figure 5.31 shows microhardness values evaluated for three series of samples: as-

forged condition and two beta solution treated conditions achieved by annealing 

either at 1000°C/2h or at 1150°C/2h followed by water quench. The microhardness 

of benchmark TNZT alloy is rather low. Both Fe and Si proved to have strong effect 

on microhardness, especially combined additions of both elements lead to increased 
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material hardness. The highest microhardness was attained for TNZT+0.5Si+2Fe 

alloy. Comparing the microhardness of as-forged and beta solution treated conditions 

we observe systematically higher values for beta solution treated condition in all 

alloys containing Si. This is attributed to the fact that during furnace cooling after 

homogenization annealing and also during air cooling after forging, the Si content is 

concentrated in silicide particles of micrometer range. On the other hand, during beta 

annealing at 1150°C, more Si is dissolved in the beta matrix. Si atoms cannot diffuse 

to remaining bigger silicide particles due to fast quenching and possibly form new 

small particles which cannot be observed by SEM. Either solid solution 

strengthening by Si or precipitation strengthening by tiny dispersed particles then 

contribute to the hardening of the material. The microhardness of TNZT alloys with 

sufficient Si content can therefore be increased by beta solution treatment at high 

temperature. On the other hand, solution treatment and its temperature have no effect 

on microhardness of alloys without Si content.  

 

 

Figure 5.31: Microhardness, series 1, different annealing treatments  

 

Figure 5.32 shows yield stress and ultimate tensile strength (UTS) of prepared alloys 

in the as-forged condition. Presented values are mean values from three samples and 

standard deviation is shown by error bar. Yield stress of the benchmark TNZT alloy 

is below 500 MPa. Fe causes solid solution strengthening due to different electron 

bonding [149] and Si causes precipitation strengthening. Combined effect of Fe and 

Si leads to even increased strength. TNZT-2Fe-0.5Si alloy yields above 700 MPa and 

its ultimate strength is higher than 800 MPa. Such values are relatively high, 

considering that the material is not hardened by α-phase precipitates. On the other 

hand, the typical strength of Ti-6Al-4V alloy is not achieved.  
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Figure 5.32: Yield stress and ultimate tensile strength (UTS), series 1 

 

Figure 5.33 summarizes the total plastic elongation measured after fracture, which is 

well comparable to the engineering total plastic elongation calculated from 

engineering stress-strain curve. All alloys are ductile at room temperature, but Si 

content significantly decreases the total elongation. Fe content increased total 

elongation when compared to the benchmark alloy. This surprising effect will be 

discussed later for alloys with Fe and O content. Based on these results, it was 

assumed, that Si content is the major reason for poor high temperature formability 

and the content of Si was reduced in the second series of alloys. However, the 

fabrication of the second series of alloys showed low formability also for alloys with 

low or none Si content.  

 

 

 

Figure 5.33: Total elongation (A5 elongation), series 1 

 

Complete flow curves were recorded for each measured sample. Flow curves for 

each alloy are depicted in Figures 5.34 a) and b) and 5.35. Figure 5.34 shows flow 
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curves of alloys containing Si. These flow curves are rather typical for β-titanium 

alloys in a solution treated condition. Plastic deformation is accompanied only by 

low work hardening.  

Figure 5.34 b) shows flow curves of alloys containing 2 wt. % of Fe. The yield point 

is followed by short work softening and subsequent work hardening. The yield point 

resembles the sharp yield point that is commonly observed in some steels when 

dislocations are released from the surrounding atmosphere of carbon atoms [150]. 

Sharp yield point was also observed in titanium and related bcc alloys and was 

attributed to either rapid dislocation multiplication, omega particles cut by gliding 

dislocations or even hydrogen content [151–153]. In this case, sharp yield point is 

probably caused by solute atoms of Fe. These atoms cause distortion of 

crystallographic lattice attracting (or pinning) dislocations during forging. During 

tensile test those dislocations are pulled out from those preferential sites causing 

short work softening.  Short softening is followed by pronounced work hardening 

over more than 15% of straining for TNZT-2Fe alloy followed by long evolution of 

neck and failure. For TNZT-2Fe-0.5Si, the uniform elongation is shorter and also the 

neck is less ductile. It follows that 2 wt.% of Fe create sufficient obstacles for 

dislocation motion causing dislocation  multiplication responsible for work 

hardening. 1 wt.% of Fe is insufficient in this respect. Therefore 2 wt. % Fe content 

was selected for the second series of alloys. 

 

  

Figure 5.34 a): Flow curves – alloys 

containing less than 2 wt. % Fe, 

common plastic deformation behaviour 

is observed 

Figure 5.34 b): Flow curves – alloys 

containing 2 wt. % Fe, sharp yield point is 

observed 

 

 

Figure 5.35 shows the true-stress true-strain flow curve for the benchmark TNZT 

alloy that is intentionally showed as the last one. The reason is the unusual behaviour 

around the yield point, which is highlighted in the inset. It must be noted that those 

distinctive stress jumps in the flow curve were accompanied by clearly audible 

acoustic emission (i.e. the acoustic emission was just audible with no equipment). 
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Proper acoustic emission measurement was therefore used during the next set of 

tensile tests. Figure 5.36 a) shows the flow curve for the benchmark TNZT alloy 

along with acoustic emission signal. Not surprisingly, high intensity of the acoustic 

emission was measured around the yield point and is obviously associated with 

serrated yielding. Acoustic emission was measured also for all samples from the 

second series of alloys. The AE signal for these alloys was incomparably lower and 

not concentrated around a yield point. An example of such behaviour is given in 

Figure 5.36 b).  

 

Figure 5.35: Flow curve – initial TNZT alloy, inset shows detail of serrated yield 

behaviour 

 

 

 

Figure 5.36 a): Acoustic emission during 

tensile test, benchmark TNZT alloy, high 

intensity of AE around yield point 

 

Figure 5.36 b): A representative example 

(TNTZ-0.4O alloy) of low acoustic 

emission observed for all other alloys  

 

Even a detail inspection of the flow curve in Figure 5.35 did not reveal any 

jumps/serrations in the rest of the flow curve after the yield point. Several 

explanations of such serrated yielding of beta titanium alloys were proposed. The 
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first one is the twinning in Ti alloys with bcc structure [154–157]. Another 

explanation is the interaction between dislocations and solute/interstitial atoms. 

However, such mechanism requires sufficient mobility of solute/interstitial atoms 

during test. Finally, completely different mechanism was proposed by Banerjee and 

Naik [158]. The authors assumed that load drops are caused by deformation bands 

within which omega particles are destroyed and dislocations can freely move.  

Electron back-scattered diffraction (EBSD) analysis was undertaken in order to 

identify deformation mechanism causing serrated yielding. EBSD images of 

nondeformed part and active part of the same sample after fracture are shown in 

Figure 5.37 a) and b). Nondeformed part shows coarse grained recrystallized 

structure, the image is little blurred, because of poor surface quality and consequent 

extensive software clearing of raw EBSD image. Figure 5.37 b) shows twinned 

structure and deformed coarse grains. The concentration of twins is comparatively 

low [156]. Twin nucleation is associated with the serrated yielding; however, it 

remains unclear why the concentration of twins remain quite low and why the 

serrated yielding occurs only around the yield point. 

 

 

Figure 5.37 a): TNTZ, nondeformed part 

 

Figure 5.37 b): TNTZ, active part 

 

Figure 5.38 a) and b) show again the nondeformed and deformed part of the same 

sample of alloy TNZT-1Si. It was shown by SEM observations, that the grains are 

smaller due to the effect of silicide particles. No twinning is observed and, most 

importantly, grain size is significantly smaller in the active part (Figure 5.38 b)), 

which suggests undergoing dynamic recrystallization. Even small Si addition is 

therefore capable of changing the deformation mode in TNZT based alloys.  
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Figure 5.38 a): TNZT+1Si, nondeformed 

part 

 

Figure 5.38 b): TNZT+1Si, active part 

 

 
Figure 5.39: Color coding - orientation triangle for bcc-structure 

 

 

5.2.4 Series 2 – SEM observations 

Microstructure of nine alloys of series 2 in as-forged condition is shown in Figure 

5.40. Small black spots are remnants from polishing and traces of microhardness 

indents can be also observed. Alloys that are β-stabilized by 2% Fe contain large 

equiaxed grains similar to benchmark TNTZ alloy and TNTZ-2Fe alloy from the 

previous series. On the other hand, other alloys show heavily deformed 

microstructure with twins. The reason of deformed structure of TNTZ-0.15Si alloy 

remains unclear. Unfortunately, the temperature of material during forging was not 

precisely controlled which might be the reason of microstructural differences. It is 

argued that benchmark TNTZ alloy and all alloys with Fe content are recrystallized 

during forging, whereas alloys with oxygen additions contain deformation twins 

whose concentration increases with increased Si and O content. α-phase is not 

observed in any alloys suggesting that Nb, Zr and Ta stabilize β-phase sufficiently to 

outweigh the effect of α-stabilizing oxygen. 
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Figure 5.40 a): 

TNTZ+0.15Si 

 

Figure 5.40 b): 

TNTZ+0.25Si 

 

Figure 5.40 c): 

TNTZ+2Fe+0.15Si 

 

Figure 5.40 d):   

TNTZ+0.4O 

 

Figure 5.40 e): 

TNTZ+0.25Si+0.4O 

 

Figure 5.40 f): 

TNTZ+2Fe+0.4O 

 

Figure 5.40 g): 

TNTZ+2Fe+0.25Si+0.4O 

 

Figure 5.40 h):   

TNTZ+0.7O 

 

Figure 5.40 i): 

TNTZ+0.25Si+0.7O 

 

Detail observations in Figure 5.41 show that alloys with 0.25% Si contain small 

silicide particles with size ~1 μm. The concentration of such particles is 

incomparably lower than in the TNTZ-0.5Si alloy. Silicide particles seem to be 

distributed homogeneously, but particles along grain boundaries could be also found.  

No silicide particles can be observed by SEM in alloys with 0.15% Si.  
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Figure 5.41 a): TNTZ+0.25Si, silicide 

particles 

 

Figure 5.41 b): TNTZ+0.25Si+0.4O, 

silicide particles 

 

Figure 5.41 c): 

TNTZ+2Fe+0.25Si+0.4O, detail of 

silicide particles 

 

Figure 5.41 d): TNTZ+0.25Si+0.7O, 

silicide particles 

 

5.2.5 Series 2 – Mechanical properties 

Table 5.4 shows the overview of the developed alloys for that the mechanical 

properties will be compared. The set includes all alloys of the second series, 

benchmark TNTZ alloy and also promising TNTZ-2Fe alloy for comparison. Mo 

equivalence was computed according to Equation 2.1. Analogous Nb equivalence 

can be also computed by simple multiplication by factor 1/0.28. Note that atomic 

mass of Nb and Mo is approximately twice bigger than that of Ti. The atomic 

concentration of Mo or Nb is therefore much lower than the weight concentration. 

The amount of β-stabilization elements is sufficient to stabilize pure β-phase at room 

temperature in all alloys.  
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Alloy composition wt. % Mo equivalence Nb equivalence 

TNTZ 13 48 

TNTZ+2Fe 19 68 

TNTZ+0.15Si 13 48 

TNTZ+0.25Si 13 48 

TNTZ+2Fe+0.15Si 19 68 

TNTZ+2Fe+0.25Si 19 68 

TNTZ+0.4O 9 33 

TNTZ+0.25Si+0.4O 9 33 

TNTZ+2Fe+0.4O 15 54 

TNTZ+0.25Si+2Fe+0.4O 15 54 

TNTZ+0.7O 6 23 

TNTZ+0.25Si+0.7O 6 23 

TNTZ+2Fe+0.7O 12 43 

TNTZ+2Fe+0.25Si+0.7O 12 43 

Table 5.4: List of series 2 alloys, TNTZ and TNTZ-2Fe alloys, Mo equivalence and 

Nb equivalence computed according to Equation 2.1 

 

Figure 5.42 shows Bo-Md diagram according to [73]. The effect of oxygen is not 

incomporated in Bo-Md diagram and the effect of Si is low. Therefore all studied 

alloys can be divided into two groups: i) alloys with Fe content are β-stabilized (blue 

circle) and ii) alloys without Fe content fall to the β+α’’ region (red circle). However, 

the benchmark TNTZ alloy does not contain any α’’-phase, the contribution of Bo-

Md diagram is therefore questionable.  
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Figure 5.42: Bo-Md diagram. Dependence of phase composition and dominant 

deformation mechanism on Bo and Md values, applicable mainly to Ti-Nb alloys; 

blue circle - TNZT alloys containing Fe, red circle - TNZT alloys without Fe 

 

Elastic modulus was again measured by ultra-sound pulse-echo method for as-

annealed material. Figure 5.43 shows elastic modulus of studied alloys. Benchmark 

TNTZ alloy has very low elastic modulus of ~ 65 GPa that can be attributed to low 

stability of β-phase in proximity of martensitic transformation β  α’’. Low content 

of Si has negligible effect on elastic modulus. On the other hand, any deviation in 

phase stability caused either by Fe or O leads to increase in elastic modulus to 80 

GPa, which is typical for β-phase [3]. Note that strong β-stabilizing iron and strong 

α-stabilizing oxygen have in this case similar effect on phase stability due to the 

stabilization of β-phase in competition with α’’-phase. The alloys with Fe or O 

content have similar elastic modulus of 80 GPa and small Si content slightly 

increases the elastic modulus. There is no difference between alloys with 0.4 and 

0.7% of O. It is an important result considering that these alloys differ significantly 

in strength as shown below. Comparatively high elastic modulus >100 GPa was 

measured for alloys with combined Fe and O content. Si addition significantly 

reduces elastic modulus in this case.  
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Figure 5.43: Elastic modulus measured by pulse-echo method, series 2 

 

β-stabilizing effect of Fe and O can be captured by calculating e/a ratio for all alloys. 

Figure 5.44 shows the dependence of elastic modulus on e/a ratio for different alloys. 

The tendency of rising elastic modulus with e/a ratio can be tracked [70]. However, 

the results are obscured by Si content, which does not modify the e/a ratio, but 

significantly affects the elastic modulus. The first interesting finding is that the 

combination of O and Fe additions causes very high elastic modulus > 100 GPa that 

is not typical for β-phase. The increase of elastic modulus due to oxygen content was 

explained theoretically for α-phase [159, 160]. However, such pronounced increase 

might be caused by interaction of substitutional Fe with interstitial O atoms. These 

interactions are only rarely studied, usually by investigation of relaxation processes 

identified in the internal friction spectrum, known as Snoek effect [161]. The effect 

of interstitial carbon atoms in Fe was thoroughly explored [162, 163]. In this case, 

the effect of substitutional solute – interstitial (s-i) interactions are crucial. These 

interaction were studied also for niobium and vanadium with interstitial nitrogen and 

oxygen and various substitutional solutes [164, 165]. It was found that s-i 

interactions depend on several factors including the size factor and chemical affinity. 

For Nb, it was found that the interaction Nb-O is stronger than that of Fe-O, whereas 

Ti-O is stronger than Nb-O [165]. For vanadium, it is claimed that there is no 

attraction between Fe and O, whereas there is an attraction between Ti-O. The 

intereaction between Fe and O is regarded as repulsive creating forbidden region 

around substitutional solutes [164]. This repulsion of oxygen atoms by Fe solutes 

may contribute to increased elastic modulus. Considering comparatively high 
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chemical affinity of Si-O and smaller atomic radius of Si atoms, addition of silicon 

atoms may therefore compensate the repulsion of Fe atoms and decrease the elastic 

modulus back to values more common for β-phase. 

 

    

Figure 5.44: Dependence of elastic modulus on e/a ratio, Si effect on TNTZ+O and 

TNTZ+Fe+O alloys is highlighted 

 

Figure 5.45 shows the result of microhardness measurement for all considered alloys 

in as-cast condition; the measurement was repeated for as-annealed condition 

without significant difference. All additions contribute to the microhardness increase; 

however the combined effect of two or more additions is always lower than the sum 

of individual effects. The effect of interstitial oxygen is very pronounced, actually 

0.4 wt.% (1.4 at.%) oxygen content hardens the material more than 2 wt.% (2.3 at. 

%) of iron. Microhardness can be doubled by 0.7% of O and further increased by Fe 

and Si additions.  
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Figure 5.45: Microhardness, series 2 

 

Tensile tests were conducted for 8 alloys from the second series (out of 12 prepared 

alloys). TNTZ+2Fe+0.25Si, TNTZ+2Fe+0.7O and TNTZ+2Fe+0.25Si+0.7O alloys 

could not be forged and TNTZ+2Fe+0.25Si+0.4O alloy could not be used due to lack 

of material, because this alloy was selected for in vivo biological tests (not shown in 

this thesis). Tensile results of benchmark TNTZ alloy and TNTZ-2Fe alloy are 

shown for comparison. Figure 5.46 shows the yield stress and the ultimate tensile 

strength obtained from engineering stress-strain curves for each alloy. Figure 5.47 

shows the yield stress and the UTS from true stress–true strain flow curves. Focusing 

on the yield stress, Fe and Si increase the yield stress up to 600 MPa, however their 

combination does not bring any significant improvement. In alloys with increased 

oxygen content, Fe and Si additions have low effect on the yield stress. More 

pronounced increase in the yield stress is achieved by oxygen. TNTZ-0.4O alloy 

attains the yield stress of 800 MPa which is comparable to Ti-6Al-4V alloy.  
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Figure 5.46: Engineering yield stress and ultimate engineering tensile strength 

(UTS), series 2 

 

The yield stress is obviously almost unchanged for true flow curves, however very 

high true ultimate strengths are achievable thanks to work hardening of some alloys. 

UTS higher than 800 MPa can be achieved by combined effect of Fe and Si, but the 

same UTS can be also attained by simple oxygen addition. Engineering UTS 

attaining 1200 MPa is achieved by 0.7 wt. % of oxygen. Such value corresponds to 

high strength metastable β-alloys and is much higher than the typical UTS of Ti-6Al-

4V alloy. 

 

Figure 5.47: True yield stress and ultimate tensile strength (UTS), series 2 
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Elongation corresponding to the engineering plastic strain is depicted in Figure 5.48. 

The most striking result is that even the 0.7 wt. % oxygen addition is not detrimental 

for room temperature ductility. Such oxygen content would be detrimental for 

ductility of α-phase titanium [166]. On the other hand, high ductility has been 

reported for β-Ti alloys containing substantial amount of oxygen [103, 167]. 

Reduced ductility is reported when oxygen content alters deformation mechanism by 

promoting excessive twinning and/or martensitic transformation [168]. Possible 

reason for high ductility even with oxygen content might be that β-phase is capable 

to absorb higher concentration of interstitial atoms, because bcc structure is not close 

packed and involves larger octahedral sites for interstitials. The elongation and 

strength of TNTZ-O alloys correspond well to values reported in [103]. Another 

interesting fact is that Si content increases elongation in alloys containing oxygen. 

This might be attributed to Si-O affinity discussed above. By comparing Figure 5.47 

and 5.48 it can be found that higher elongation is associated with bigger difference 

between the yield stress and the ultimate tensile strength that is obviously given by 

the work hardening. This relation becomes clearer from flow curves. Finally, good 

room temperature ductility unfortunately does not guarantee the high temperature 

formability. In our case, the alloys with higher strength were also hard to forge 

despite their good ductility in tensile test. Poor formability can be attributed to the 

increased yield stress (presumably also at higher temperatures since precipitation 

hardening is not involved) that exceeds the fracture toughness and the high 

temperature forming suffers from surface and subsurface cracks. 

 

 

Figure 5.48: Total elongation (A5 elongation), series 2 

0

5

10

15

20

25

30

35

%
 

Elongation 



81 

 

Figures 5.49 a), b) and c) depict different comparisons of true stress - true strain flow 

curves. Significant work hardening occurs for all alloys containing 0.7% O, all alloys 

containing 2% Fe and also an alloy with 0.4 % O and 0.25% Si contents. 

Furthermore, work hardening results in higher room temperature elongation. The 

reason is that work hardening avoids premature necking and therefore the higher 

elongation is attained. This leads to paradoxical result that the elongation first 

decreases with 0.4% O addition, but then again increases for TNTZ-0.7O alloy. 

Similar behaviour for similar alloy and very similar oxygen contents was observed 

by [167]. Work hardening is clearly associated with the content of solute element 

that is sufficient for dislocation pinning and multiplication. It is argued in [167] that 

solute atoms create Cotrell atmosphere pinning edge dislocations and interstitial in 

bcc material create Snoek atmosphere pinning the screw dislocations. Dislocation 

multiplication and possibly created shear bands causing effectively the Hall-Petch 

grain size strengthening are responsible for work hardening in these bcc alloys with 

sufficient amount of solute atoms. The interaction of solute atoms and dislocations 

created during hot working is also responsible for the sharp yield point that is 

correlated with work hardening effect. The main practical result is that employing 

oxygen content or combined Fe/Si/O content results in material with high yield 

stress, significant work hardening and high room temperature elongation.  

 

 

Figure 5.49 a): Flow curves – TNTZ+O 

alloys 

 

Figure 5.49 b): Flow curves – 

TNTZ+Si+O alloys 
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Figure 5.49 c): Flow curves – 

TNTZ+O+Fe alloys 

 

 

5.2.6 Summary - Ti-Nb-Zr-Ta based alloys 
 

Ti-Nb-Ta-Zr based alloys with Fe, Si and O were prepared by arc melting and hot 

forging. Fe atoms are responsible for the solid solution strengthening. 1 wt.% of Fe 

increases yield stress, but it is insufficient for a significant work hardening. On the 

other hand 2 wt. % of Fe cause the significant work hardening that effectively 

contributes to increased elongation at room temperature. Work hardening is 

attributed to solute atoms of Fe that form obstacles for dislocations motion. Sharp 

yield point is also observed which suggests that substitutional Fe atoms interact with 

dislocations already during hot working.  

Silicide precipitates are observed by SEM in alloys containing 0.5 and 1 wt.% of Si. 

The composition of such precipitates is (Ti,Zr)5Si3 according to [35]. EDX study 

revealed that these particles are significantly Zr enriched suggesting that Zr is 

preferred to Ti in silicide formation. Si alloying caused some increase in the yield 

stress due to the precipitation hardening and also due to smaller grain size thanks to 

the pinning of grain boundaries during hot working by silicide precipitates as shown 

by SEM. On the other hand, the elongation of the material at room temperature 

decreased significantly. We also suspected that Si particles may serve as preferential 

sites for a fatigue crack nucleation [169, 170]. This suspicion could not be 

experimentally tested due to the lack of the material. Anyway, larger content of Si 

was avoided in designing new alloys. 

Alloys with oxygen content of 0.4 wt.% and 0.7 wt.% and different combinations of 

Fe and Si content were also prepared. Investigation of these alloys brought a new 

insight in analyzing the effect of chemical composition on elastic modulus. Three 

approaches how to determine the elastic modulus of β-Ti alloys in beta solution 

treated condition from their chemical composition were described. The first one 
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assesses the effect of alloying elements according to their β-stabilizing effect (Mo 

equivalence) [19], the second one uses e/a ratio [70] and the third one a more 

advanced Bo-Md diagram based on d-electrons bonding [72]. In all approaches it is 

claimed that low modulus is achieved for alloys that consist of pure β-phase whose 

stability is low due to the ‘proximity’ to β  α’’ transformation [171]. Presented 

results show that none of these theories can fully explain elastic modulus variations 

with chemical composition. Namely, the effect of oxygen as an interstitial element is 

rather specific. Despite oxygen is a strong α-stabilizer, it suppresses β  α’’ 

transformation and therefore in the fine tuning of the elastic modulus oxygen acts as 

a β–stabilizer. This fact cannot be incorporated either in e/a ratio approach or in Bo-

Md approach. Furthermore, almost unexplored solute-interstitial interactions affect 

the elastic modulus. We observed a sharp increase in the elastic modulus due to Fe-O 

interaction that can be weakened by preferred Si-O interaction which prevents an 

increase of the elastic modulus. Such effect has not been discussed for β-Ti alloys 

yet.  

The increasing content of oxygen increases the yield strength of the TNZT alloys, 

which is in agreement with [103]. The yield stress can reach 1000 MPa and UTS is 

above 1300 MPa, which surpasses the benchmark Ti-6Al-4V. Fe and Si further 

increase the strength, but their effect is lower. Increasing content of O, Fe and Si also 

increases the work hardening capability. This leads to higher uniform elongation and 

increases total elongation. The effect of oxygen on the ductility is therefore positive 

for these alloys, contrarily to α-phase titanium.  

It may be concluded that by alloying of low amount of O, Fe, Si it is possible to 

achieve the yield stress higher than 1000 MPa and the elastic modulus around 

80 GPa in Ti-Nb-Zr-Ta alloys. This is a 15-20% improvement in strength and 

elasticity when compared to Ti-6Al-4V alloy. Material is ductile at room 

temperature. The effect of oxygen on strength is biggest and consequently the 

practical effect of Fe and Si is therefore questionable. Remaining problems to solve 

are poor high temperature formability and manufacturing process of products that 

have to be quenched from temperatures above β-transus (approximately 700°C) and 

then not heated to more than 200°C to avoid further phase transformations. TNTZ-

Fe-Si-O alloys proved to be suitable for biomedical use thanks to their favourable 

mechanical properties. 
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6 Conclusions 

This thesis aimed on investigating materials and their surface treatments applicable 

in orthopaedic surgery. The complexity of this research can be illustrated by the 

scheme in Figure 6.1. I put this scheme together in 2010 (including the typo – Young 

modulus) and used several times for presentations. In this thesis, most of the 

indicated interrelations have been discussed. The first topic concerned surface 

treatment technology and the second one included developing new biocompatible β-

Ti alloys.  

 

 

Figure 6.1 Complexity of successful implant material 

 

The Ti-6Al-4V alloy after surface treatment by electric discharge machining suffered 

from extremely low fatigue performance. This fact was attributed to rough surface 

created by EDM that deteriorates the fatigue performance due to extreme notch 

sensitivity of titanium and its alloys. The novel idea is employing chemical etching 

and shot-peening as subsequent surface treatments. Both shot-peening and chemical 

etching are rather common surface treatments, but to our knowledge they have never 

been used as fatigue enhancing treatments after electric discharge machining. Shot-

peening is well known to increase the fatigue performance by inducing compressive 

residual stresses and also may increase the strength of surface layer via work 

hardening. Sufficiently small shots must be used for shot-peening after EDM to 

affect surface also in the depressions of rough surface. At the same time, high 
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intensity of shot-peening (Almen intensity) is preferred. The main practical result is 

that shot-peening with optimized parameters increases the fatigue performance after 

EDM to values comparable to the original material. Therefore, the proposed three-

step surface treatment is well applicable in orthopaedics. The described three-step 

procedure was patented by Industrial Property Office of the Czech Republic as patent 

no. 304445. 

The development of β-Ti alloys usually focuses on achieving low elastic modulus to 

avoid so-called stress shielding effect disregarding the material strength. However, 

the strength that is comparable to Ti-6Al-4V alloy is required for the material 

application. Two approaches were used. Firstly, combined Fe and Si alloying was 

used to enhance the strength of commercial Ti-Nb-Zr-Ta alloy; secondly the effect of 

oxygen was also considered. Alloying by oxygen proved to be very successful for the 

strength enhancement. On the other hand, the effect of Fe and/or Si is comparatively 

low in the presence of oxygen. The results of the elastic modulus measurements are 

discussed in detail using current approaches in scientific literature. Uncommon effect 

of oxygen was found. Despite oxygen is a strong α-stabilizer, it acts as a β-stabilizer 

in competition between β and α’’ phases. The effect of interstitial oxygen atoms is 

somewhat specific and the new explanation for low modulus and high strength of 

these alloys shall be formulated. This is, however, beyond the scope of this thesis. 

Further, it was found that sufficient amount of iron (2 wt. %) or oxygen (0.7 %) or 

even lower combined content is sufficient for significant work hardening that causes 

increased total elongation at room temperature of these alloys. This is caused by 

substitutional atoms (Fe) and interstitial atoms (O) that form obstacles for dislocation 

motion causing dislocations multiplication during the tensile test. Solute-interstitial 

interactions (Fe-O and Si-O) might be also responsible for variations in both the 

elastic modulus and the strength. The practical result is that it is possible to achieve 

the yield stress higher than 1000 MPa and the elastic modulus around 80 GPa in Ti-

Nb-Zr-Ta alloys by adding low amount of O, Fe and Si. TNTZ-Fe-Si-O alloys are 

suitable for biomedical use thanks to favourable mechanical properties.  

Based on the achieved knowledge, larger amount of two selected TNZT-(Fe-Si)-O 

alloys were recently produced by Chinese company Huizhou Top Metal Material for 

company Beznoska. Experimental characterization and assessment of applicability is 

undergoing. This is the future prospect of research that will follow this thesis from 

the application point of view.  

Otherwise, I anticipate a significant breakthrough in the application of ultra-fine 

grained (UFG) titanium alloys. The technological boom in so-called severe plastic 

deformation (SPD) methods and knowledge gained about UFG CP Ti and UFG Ti-

6Al-4V alloy in the last two decades suggest potential application of these advanced 

materials in the areas with high added value like biomedicine or space programme. 
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On the other hand, only very few studies were published so far about UFG 

metastable β-Ti alloys. The interrelations between the ultra-fine grained 

microstructure, its recovery and recrystallization on one hand and the phase 

transformations in β-Ti alloys on the other hand shall be of significant scientific 

interest. These streams of modern research in the material science are currently 

followed at the Department of Physics of Materials.   
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8 List of Abbreviations 

 

bcc body centered cubic 

Bo bonding orded 

BSE back-scattered electrons 

CP Ti commercial purity titanium 

EBSD electron back-scattered diffraction 

EDM electric discharge machining 

EDS or EDX energy dispersive x-ray spectroscopy 

EP electrolytical polishing 

FEG field emission gun (cathode) 

HAZ heat affected zone 

HCF high cycle fatigue 

hcp hexagonal close packed 

Md d-electron orbital energy 

Mf martensite finish 

Ms martensite start 

SE secondary electrons 

SIM stress induced martencsite 

SP shot peening 

SPD severe plastic deformation 

TEM transmission electron microscopy 

TMZF Ti-12Mo-6Zr-2Fe 

TNZT Ti-35.3Nb-7.3Zr-5.7Ta alloy (interchangeable for TNTZ) 

UFG ultra-fine grained materials 

UTS ultimate tensile strength 

 


