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Resumo 

 

Este projeto visa desenvolver novas ligas de titânio com estrutura e propriedades otimizadas 

para aplicação em implantes ortopédicos. Estas ligas devem cumprir vários requisitos como 

biocompatibilidade, rigidez, resistência mecânica e resistência ao desgaste adequadas, assim como 

com resistência à corrosão equivalente às ligas comerciais atualmente utilizadas para aplicação 

(Ti6Al4V e Ti6Al7Nb).  

O trabalho experimental envolveu o desenvolvimento das ligas de titânio com a adições de 

tântalo por deposição assistida por laser, de forma a investigar as relações microestrutura-

processamento-propriedades do sistema. Para tal, duas composições promissoras foram investigadas, 

Ti-30Ta e Ti-63Ta (%wt), antes e após tratamento térmico. A respetiva caracterização estrutural e 

química foi efetuada por difração de raios X e microscopia eletrónica. A avaliação do comportamento 

mecânico das ligas foi efetuada por técnicas de ultramicroindentação, com medições de módulo de 

Young e durezas. Seguiu-se a avaliação da resistência ao desgaste em meio não lubrificado. Por fim, 

a resistência à corrosão em meio biológico simulado foi avaliada por espectroscopia de impedância 

eletroquímica e curvas de polarização anódica.  

Apesar de ambas as composições em estudo cumprirem os requisitos exigidos, a liga Ti-63Ta 

apresenta maior potencial para uso em implantes ortopédicos. 

. 

 

Palavras chave: biomateriais metálicos, ligas titânio, ligas Ti-Ta, deposição assistida por laser, 

caracterização 
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Abstract 

 

This work aims at developing new titanium-tantalum alloys, whose structure and properties are 

optimized for medical use in orthopaedic implants. These alloys must satisfy requirements such as 

biocompatibility, adequate stiffness, wear and mechanical resistance, as well as equivalent corrosion 

resistance to the currently used commercial alloys (Ti-6Al-4V e Ti-6Al-7Nb). The correlation between 

processing conditions, microstructure and properties of Ti-Ta alloys produced by laser cladding was 

investigated.  

Two promising compositions were studied, prior and after heat treatment, Ti-30Ta and Ti-63Ta 

(wt%). The alloys were structurally characterized by observations in SEM, EDS studies for composition 

and phasic analysis in XRD.  The mechanical properties of hardness and Young modulus were obtained 

by micro-indentation techniques. The wear behaviour of Ti-30Ta and Ti-63Ta was examined in dry 

sliding conditions.  Their corrosion resistance was evaluated in a simulated biological environment 

(HBSS) by means of electrochemical impedance spectroscopy (EIS) and anodic polarization curves.  

While both compositions under study meet the necessary requirements, the results confirmed 

Ti-63Ta superior potential for use as load-bearing implant material. 

 

 

KEYWORDS: metallic biomaterials, titanium alloys, Ti-Ta alloys, laser cladding, characterization 
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1. INTRODUCTION 
 

Musculoskeletal problems affect millions of people worldwide. They are regarded as one of the 

main disfunctions targeting an increasingly aging population, afflicted by chronic diseases or blunt 

trauma. Biomaterials provide a solution to these problems, restoring function of damaged hard tissues 

and improving quality of life. It is estimated that 70 to 80% of biomedical implants are made of metallic 

materials [1]. These include bone plates, pins and screws used in knee repair and hip replacement. 

Despite the stringent requirements under which medical implants are tested, there is a tendency for 

them to fail with time, within a period that ranges from 10 to 25 years, depending on application.   

Among the reported causes of failure is stress shielding (Figure 1). This biomechanical 

incompatibility is associated with the large differences between the mechanical properties of bone and 

the implant. Stress shielding leads to insufficient loads being transferred to bone, that gradually loses 

its function and density, compromising the adhesion of the implant to bone. It is thus necessary to 

minimize the risks of implant failure under load bearing conditions, to avoid costly and painful revision 

surgeries throughout the patient’s life [1].   

Titanium and its alloys (ex: Ti-6Al-4V) are the most used material in biomedical applications, owing 

to their superior mechanical properties, high corrosion and fatigue resistance, and excellent 

biocompatibility. Nonetheless, these alloys were initially developed for structural applications in the 

aerospace industry.  Recent studies have revealed that some titanium alloys have some issues, namely 

the presence of harmful elements like vanadium and aluminium, known to be toxic or associated with 

neurological diseases. 

Titanium and its alloys (ex: Ti-6Al-4V) are the most used material in biomedical applications. Though 

initially developed for structural applications in the aerospace industry, they became increasingly 

popular in the 1970s as orthopaedic implant materials, owing to their superior mechanical properties, 

high corrosion and fatigue resistance, and excellent biocompatibility. Nevertheless, recent studies have 

revealed that alloying elements like vanadium and aluminium can have severe long-term health 

consequences as the implant degrades and releases metal ions in the body.  

Thus, researchers are working to develop alternative materials with improved mechanical 

properties, free of toxic elements, capable of performing better for longer periods in vivo.  

In that scope, this thesis aims at investigating the potential of new titanium alloys, whose structure 

and properties are optimized for medical use in orthopaedic implants. The chosen alloying element was 

tantalum for its improved biocompatibility, superior corrosion resistance, and positive contribution 

towards decreasing the Young modulus.  

Previous work [2-3] on variable composition laser cladding has allowed to understand that Ti-xTa 

alloys in the 30-70%Ta range show promising properties for application as orthopaedic implants. 

In this work, two compositions were selected for study, Ti-30Ta and Ti-63Ta (wt%). Laser deposition 

was used to produce fixed composition clad tracks from a mixture of Ti and Ta powders. The obtained 

coating was structurally characterized, and its wear and mechanical properties tested by microscale 

techniques. Additional corrosion tests in simulated biological environment were performed for both 

compositions, prior and after a homogenization heat treatment. 
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Figure 1 - Causes of implant failure leading to revision surgery [1,4] 
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2. LITERATURE REVIEW 
 

The literature review is divided in three main sections:  

The first section focuses on the requirements biomaterials should meet when used in 

orthopaedic implants. These include biocompatibility, osseointegration ability and high mechanical, wear 

and corrosion resistance.  

Among metallic biomaterials, Ti alloys best combines the above mentioned requisites. Thus, the 

following section discusses its phases and alloying elements, introducing the advantages and limitations 

of Ti-Ta alloys. These are known to satisfy the requirements of implant materials better than other 

competing materials, not optimized for medical use. 

Finally, the processing routes by laser techniques and heat treatment are reviewed.  

 

 

2.1 Biomaterials and their requirements  
 

Biomaterials can be defined as “any substance, (…) synthetic or natural in origin, (…) which 

augments or replaces any tissue, organ or function of the body” [2] . They are employed to restore tissue 

function and promote healing after injury or disease.  

In engineering, the selection of a material for any given application is firstly done by matching 

the material properties with the requirements of the application. Metals and ceramics are usually 

selected as structural replacements of hard tissue (bone and tooth) for applications such as artificial hip 

or knee joints, dental implants and bone plates. Their superior mechanical performance makes them 

more reliable in orthopaedic applications, whereas polymers are preferred to replace function of softer 

tissues (ex: blood vessels, cartilage, ligaments and skin) [3]. 

However, when addressing biomaterials, biological requirements should also be considered 

along with the mechanical, chemical and physical ones. These requisites will be reviewed in the 

following topics: 

 

 

2.1.1 Biocompatibility 
  

When introducing any material in a biological environment such as the human body, one can 

expect complex biological responses. Therefore, it is important to make sure there are no dangerous 

side-effects, that could expose patients to further medical complications. 

Among them is the release of toxic metal ions as the implant deteriorates in the body 

environment, with severe inflammatory or even carcinogenic effects. Suspicion of neurological disorders 

such as Alzheimer’s are also arising due to the use of elements like aluminium[4]. Therefore, 

understanding the direct effects of an individual alloying element is of major importance in assessing 

biocompatibility [1]. 
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Biocompatibility can be broadly defined as “the ability of a material to perform with an appropriate 

host response in a biological environment, without causing an intolerable amount of damage to the body 

system” [5]. This concept has been gradually evolving to include other biological responses such as  the 

formation of blood cloths, pyrogenicity, allergic and foreign body reactions that can result in genetic 

damage or tissue / cell death [6]. 

Based on the interaction of tissue with the biomaterial, materials can be classified within the 

following categories [7,8]: 

 

- Biotolerable 

This group encloses all materials tolerated by the human body, but not fully accepted. Examples include 

stainless steel and cobalt chromium alloys, that react with the surrounding physiological environment, 

releasing corrosion products. Though the metal ions can be easily removed by the organism, oftentimes 

biological responses are triggered, like the formation of fibrous linings. This layer isolates what is 

perceived as a foreign body, resulting in interfacial problems between the implant and the host tissue.  

Once formed, micro-motion and fretting can occur, with severe consequences for the patient.  

 

- Bioinert 

Bioinert materials were chosen for having very little biological response, i.e. they would provide the 

necessary mechanical integrity, in a reproducible way, without any immune response [7]. Amid them 

are titanium, gold and carbon, as well as non-degradable polymers such as PMMA, PTFE, polyethylene 

and silicones. These materials are still used in surgical procedures due to the vast knowledge of their 

interactions with body tissues. They are well accepted by the organism, while retaining their properties 

for a long period of time.  

 

- Bioactive  

With the advances in molecular biology, a new generation of materials arised. Bioactive materials 

were developed to trigger specific cellular responses on the biomaterial-tissue interface. They make it 

possible to establish direct chemical bonds between tissue and material, contributing to better implant 

fixation and bone tissue regeneration. Examples include bio-active glasses, ceramics and composites 

(HA particles in a polyethylene matrix) used in ear implants, vertebrae replacement, and bone grafts in 

dentistry [9-10]. Among synthetic ceramics, the most used material is hydroxyapatite (HA). Its calcium 

phosphate porous structure, similar to that of bone, provides an interacting surface with enhanced 

biological response, ultimately promoting better osseointegration.  

 

- Bioresorbable 

A controlled chemical breakdown occurs at the biomaterial’s interface, replacing it with regenerating 

tissue. The by-products are later absorbed and released through the metabolic system. This ultimately 

contributes to a better integration as there are no distinct differences between implant and host tissue, 

and no need of further surgery to remove it [9].  
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Some metals (magnesium) and polymers (PLLA) are among this category of biomaterials, but their 

use for structural applications is limited due to fast absorption, often at a higher rate than bone 

regeneration. Examples include bioresorbable scaffolds. 

 

With recent developments in tissue engineering there is an increasing effort to develop more 

bioactive and bioresorbable materials, with improved surface properties focused on improving 

biocompatibility. However, structural applications like bone or dental implants require mechanical 

strength levels that are not yet achievable with the ceramic, polymeric or absorbable materials currently 

available. 

 

2.1.2 Osseointegration 
 

Regardless of the implant material chosen, there will always be biological responses that can 

compromise the microenvironment and durability of the implant.  Those responses are prompted by the 

differences between the highly dynamic living tissue and the relatively static synthetic biomaterials [7]. 

Thus, new approaches focusing on surface compatibility and tissue engineering of the currently used 

alloys are in order to improve osseointegration.  

Osseointegration is the property of an implant to establish chemical bonds with bone tissue. The 

stronger it is, the better is the fixation between bone and implant, the better is the transfer of force, and 

fewer chances of failure will occur. Synthetic hydroxyapatite ceramics began to be routinely used as 

porous implants and coatings on metallic prostheses to induce bioactive fixation. This led to 

osteoconduction, in which bone grew along the coating and formed a mechanically strong interface [9]. 

Since synthetic calcium phosphates are very similar to human bone, bone cells are able to form an 

intimate attachment to the biomaterial surface once this mineral-like layer has formed.  

The same results are attained by implanting a material that already has a bonelike calcium 

phosphate surface like hydroxyapatite. This can be performed by plasma spraying [10]. Alternatively, 

sand-blasting or surface texturing techniques can be used to increase surface roughness and adhesion, 

though the effect is not significantly pronounced. All of these strategies directly or indirectly influence 

the bone healing and direct cell behaviour, improving the performance of orthopaedic implants. 

 

 

2.1.3 Mechanical Properties 
 

To replace bone satisfactorily, metallic biomaterials must be able to match bone’s mechanical 

performance. Depending on application, an appropriate compromise between the material’s different 

mechanical properties must be found, to ensure long-term integrity and functionality of the implant. The 

mechanical properties of general importance include: tensile and compressive strength, hardness, 

Young modulus and fatigue resistance. A summary of the most used metallic biomaterials and their 

mechanical properties is provided on table 1.  
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Orthopaedic implants should be able to withstand significant loads and not show fragile 

behaviour. They’re required to have a Young’s modulus as close to human bone as possible, to prevent 

stress shielding from occurring. This biomechanical incompatibility consists of loads being 

predominantly transferred to the implant, while the surrounding bone is subjected to reduced stresses. 

It is caused by the large difference between the Young modulus of bone (4 - 30GPa) and the alloy of 

the implant (100 - 250GPa). It results in bone resorption, leading to loosening of the implant and its 

premature failure. 

Fatigue strength is another important requirement. Orthopaedic implants are expected to 

survive high number of cyclic loadings over their lifetime, which can cause them to fracture well below 

the expected yield strength of the material. Fatigue has been reported as one of the major causes of 

premature failure in biomedical implants [11]. 

Thus, a combination of low Young’s modulus and high mechanical resistance are mandatory, 

to ensure long term implantation without further medical interventions. 

 

Table 1 - Mechanical properties of bone and alloys commercially used in orthopaedic implants 

Material 

Yield 

strength 

(MPa) 

Tensile 

Strength 

(MPa) 

Elongation 

(%) 

Hardness 

(HV) 

Young’s 

Modulus 

(GPa) 

Density 

(g/cm3) 
Ref 

 Cortical Bone 30 – 70 70 - 150 1.5 ~40 15 - 30 (max) 1.5 [2] 

CP Ti  

(grade 2)  
275 345 20 145 105 4.5 [11] 

Ti-6Al-4V 825–869 895-930 6-10 350 110-114 4.4 

[1] 

Ti-6Al-7Nb 880-950 900-1050 8.1-15 285 114 4.5 

CoCrMo 450 655 8 260-340 220-230 8.3 

316L 

Stainless 

Steel  

170–750 465–950 40 220 205–210 7.9 

 

From table 1, it is clear that all alloys display significantly superior mechanical properties when 

compared to bone. In particular, stainless steels and cobalt-chromium alloys display the highest Young’s 

modulus value and the highest density and mechanical properties. Not only does this difference promote 

stress shielding, but these alloys are also the least biocompatible (biotolerable materials).  

On the other hand, titanium alloys exhibit the best biocompatibility, with lower densities and closer 

mechanical properties to bone. CP Titanium does not have the necessary mechanical strength, but 

when alloyed with different elements, its properties significantly improve.  
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2.1.4 Wear resistance 
 

Either in tissue replacement or for internal support, implants usually degrade over time when in 

contact with the human body. One form of degradation is due to wear that may result in severe 

consequences if it is not eliminated by the organism. When wear debris accumulate, the body promotes 

inflammatory and immunological responses. When that can’t be achieved, the host tissue response is 

to isolate the foreign body in fibrous linings.  Such scenario is highly undesirable as it results in interfacial 

problems between the implant and the host tissue, promoting micro-motion, and hence fretting.  Though 

the mechanisms of in vivo-fatigue wear are complex, given the interaction with a physiological 

environment, they can lead to the loosening or rejection of the implant.  

When compared to stainless steels and cobalt–chromium alloys, titanium displays higher 

specific strength but lower tribological properties [11]. Due to their high wear resistance, cobalt 

chromium alloys are used in knee implants, avoiding wear debris formation under demanding service 

conditions. Both titanium and stainless steel alloys have, in general, a lower resistance to wear. 

Literature on the degradation behaviour of β-Ti alloys alloys in simulated body fluid or under dry 

sliding conditions is provided on table 2. The existing studies are very scarce, and no study was found 

regarding Ti-Ta alloys.  

It is therefore urgent to investigate in detail the wear behaviour and the operating wear 

mechanisms of these alloys, something this work is contributing towards. 

 

 

Table 2 - Wear studies on β-type Ti alloys [3] 

Material and 

fabrication process 

Experimental test 

techniques and parameters 
Main results Ref 

Ti-13Nb-13Zr 

Arc melting 

Block-on-disc friction tests in 

Ringer’s solution at ambient 

temperature.  

Normal load: 20–60 N 

Sliding speed: 0.26–1.0 m/s 

Primary wear mechanism: Abrasion [12] 

β-type Ti-15Mo-xNb 

arc-melting 

vacuum-pressure 

casting system 

Ball-on-disc dry wear tests. 

Normal load: 1 N and 2 N  

Test-disc rate: 100 rot/min 

The lowest friction coefficient was obtained 

for a Ti-15Mo-5Nb alloy under a 1-N load. 

Adhesion was the primary wear 

mechanism. 

[13] 

Ti-Nb-Ta-Zr 

Induction skull 

melting method 

Reciprocal pin-on-disc in a 

0.9% NaCl solution. 

Reciprocating velocity:45 

rpm. Sliding distance: 30 km 

The wear resistance of Ti-29Nb-13Ta-

4.6Zr was enhanced by incorporation of 

Nb2O5 oxide particles into the diffusion-

hardened surface of the alloy. 

[14] 

Ti-13Nb-13Zr 

Ball-on-flat fretting wear test 

in HBSS. Normal load: 10 N 

for 10,000 cycles. Freq: 10 Hz 

The primary wear mechanisms of Ti alloys 

were tribomechanical abrasion, transfer 

layer formation and cracking. 

[15] 

Ti-Nb; Ti-Mo 

Ball-on-plate sliding test 

Normal load 1N,  

alumina counter body. 

Abrasion was present on all Ti-Nb vs Ti-Mo 

samples 
[16] 
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2.1.5 Corrosion resistance 
 

The gradual degradation of materials by electrochemical reactions is of great concern when 

metallic implants are placed in the human body. A corrosive environment is promoted by contact with 

blood and other physiological fluids, along with ions and organic substances. Their presence and 

interactions with the implant’s surface influence the equilibrium of anodic or cathodic reactions [17].  

Though the corrosion rates are low due to the protective oxide films formed on the material’s 

surface, changes in pH caused by infections or diseases can disturb the dynamic balance of the 

organism, triggering responses that accentuate corrosion processes. This is observed for stainless 

steels, where fatigue corrosion significantly increases for pH below 4 [18]. This leads to the release of 

metal ions that accumulate in the tissue and spread through the organism.  

Concerns regarding the long-term effects of toxic alloying elements associated with several 

pathologies have worried the medical community. Among the elements are vanadium and aluminium in 

the Ti-6Al-4V alloy. Alternative titanium alloys have been developed with addition of non-toxic alloying 

elements like Nb and Ta. These are known to improve passivation and display superior corrosion 

resistance through the formation of highly stable oxide films constituted of Nb/Ta pentoxides [6].  

The passive film resistance greatly relies on the created layer thickness and intrinsic properties 

of its elements [18]. Nevertheless, implant failure is not only caused by corrosion phenomena and its 

mechanisms. A combination of mechanisms like pitting and crevice corrosion with wear and fretting 

accelerate the degradation of the implant. This occurs by rupture of the protective oxide layer, with 

exposed increasing areas of the metal.  

Titanium and its alloys are very resistant to fatigue corrosion, almost independently of the pH, 

and to pitting corrosion in several in-vivo conditions, though they can experience corrosion in high 

fluoride concentration solutions [17]. Titanium-Tantalum alloys in particular, have been reported to 

display a superior or equivalent corrosion resistance to CP-Ti, Ti-6Al-4V and Ti–6Al–7Nb alloys, 

currently used as metallic biomaterials. This suggests their high potential for biomedical applications 

[20-21]. 

 Though there are no standards issued to evaluate the tribocorrosion behaviour of implants, there 

are ASTM standards for testing corrosion resistance of these materials under different conditions. They 

are summarised on table 3. 

 

Table 3 - Standards for Testing Corrosion Resistance of Biomaterials [17] 

Specifications ASTM Standards 

Cyclic potentiodynamic 

polarization measurements 
ASTM F2129-01 

Corrosion performance of 

metallic biomaterials 

ASTM G 61-86, 

and ASTM G 5-94 

Pitting or crevice corrosion of 

metallic surgical implant materials 
ASTM F746-87 

Galvanic corrosion in electrolytes ASTM G71-81 
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2.2   Titanium alloys 
 

Titanium is the fourth most abundant metal in the earth’s crust. Though it is seldom found in its 

pure form, titanium dioxide naturally occurs in minerals such as rutile and ilmenite, in alluvial and hard-

rock deposits along the coast of Australia, China and India [19]. 

Due to its high strength-to-weight ratio and good corrosion resistance, combined with high 

temperature stability and creep behaviour, titanium alloys are regarded as superior lightweight 

engineering materials, whose applications range from turbine blades to structural airframes in the 

aerospace industry [20]. These attractive properties combined with an enhanced biocompatibility and 

low Young modulus drove the introduction of several Ti-alloys in the biomedical industry as dental and 

orthopaedical implant materials [11]. However, as seen in 2.1, most titanium alloys normally used for 

biomedical applications do not show the composition and behaviour best adapted for the application. In 

recent years, further investigations are being carried out to develop new titanium alloys whose properties 

are optimized for medical use. This can be achieved by proper manipulation of composition, phase 

constitution and microstructure of the materials, in relation to their fabrication and heat treatment 

methods. 

 

2.2.1  Phases and corresponding properties 
 

Based on their crystallographic phases, titanium alloys can be classified as α, β or α+β alloys. 

When heating pure titanium, an allotropic transformation from a hexagonal close-packed structure (α) 

to a body-centred cubic (β) phase occurs at 882ºC, that remains stable up to 1670ºC (melting) [19].  

This transformation temperature, also known as β-transus temperature, can be significantly 

influenced by the type and amount of alloying elements added when developing a titanium alloy. They 

can be categorized as α or β stabilizers, if they either increase or decrease the transformation 

temperature, respectively. If not, they are classified as neutral elements.  

Being a transition metal, titanium displays an incomplete shell in its electronical structure, which 

allows it to form solid solutions with most substitutional and interstitial elements (table 4). 

A summary of microstructural features, β-transus temperature, properties and biomedical 

applications for the major types of titanium alloys is given on Table 5. 
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Table 4 - α and β stabilizers of Ti alloys 

 Substitutional elements Interstitial elements 

α stabilizer Al, Ge, Ga, REE O, C, N, B 

β stabilizers Ta, V, Nb, Mo, Fe, Cr, Si H 

Neutral Zr, Sn, Hf - 

 

 

 

Table 5 - Comparison of , near α, α-β and β Ti alloys [12,23] [20][19][19] 

 Tβ [°C] E [GPa] Advantages Disadvantages Microstructural features Medical applications 

CP-Ti 882 100-145 
Excellent corrosion resistance 

Excellent biocompatibility 

Good weldability 

Cannot be significantly 

strengthened by heat 

treatment 

Low strength at 

ambient temperature 

α phase 

Pacemakers, Dental 

implants, Maxillofacial and 

craniofacial implants, 

Screws and staple for spinal 

surgery 

α alloys 890-1040 100-120 - 

α-β alloys 890-1000 110-140 
Can be strengthened by HT 

Good balance of overall properties 

Biphasic 

α+β phases 

Ti–6Al–4V as total joint 

replacement (hip and knees) 

Ti–6Al–7Nb 

Screws and plates 

β alloys 750-900 55-85 

Low Young modulus 

Good ductility, toughness and 

formability 

Lower wear resistance 

ω, α’ and α’’ metastable 

phases; 

β and/or α phases 

Promising as biomedical 

implant materials 
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Comparing the different phases, one can state that all of them bear a high corrosion resistance 

and osseointegration ability, with varying mechanical properties and biocompatibility.  Analysis of slip 

systems reveals that plastic deformation is easier in BCC crystal structure than in HCP structure. This 

explains the enhanced ductility and formability of β phase when compared to α phase [1]. The Young’s 

modulus of BCC β phase is also lower than that of HCP α phase, resulting in CP-Ti and α alloys not 

meeting the mechanical requirements of biomaterials for hard tissue replacement or intensive wear 

requirements.  

Alternatively, α + β Ti-based alloys (ex: Ti-6Al-4V) display superior mechanical properties like 

high fatigue resistance, UTS and tensile strength values compared to those of α and β alloys, that can 

be further improved with heat treatment. For these reasons, it comes as no surprise that half of titanium’s 

consumption market is of the Ti-6Al-4V alloy [21]. 

However, this alloy displays an Young’s modulus much higher than that of bone, leading to 

stress shielding, that result in bone resorption and implant loosening [11]. Moreover, safety concerns 

have been raised regarding the use of aluminium, which can cause neurological disorders, and 

vanadium, an element known to be cytotoxic [22]. 

This has encouraged the development of β-alloys, for displaying a better biocompatibility, lower 

Young modulus values, while retaining a high strength-to-weight ratio, high toughness and heat-

treatability [20].  

Despite having some disadvantages such as a higher cost and an inferior wear resistance, low 

modulus β-Ti alloys are a promising alternative to the currently used alloys. Thus, a more extensive 

research should be done to better understand how to stabilize this phase. 

 

Some examples of β-type alloys and their respective Young’s modulus are reported on figure 2. 

 

 

 

 

 

Figure 2 – Young’s modulus of β-type Ti-based alloys [18] 
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2.2.2  β-phase stability and alloying elements  
 

Enhancement of properties such as lower Young’s modulus and improved tissue response can 

be achieved by adding β-stabilizers like tantalum, molybdenum and niobium. These elements are both 

biocompatible, non-toxic and non-allergenic (Fig. 3), and can be successfully combined to promote β 

phase stability at room temperature. Additions of neutral alloying elements like zirconium also improve 

β-phase stability, by suppressing the formation of ω phase, known to disturb the alloys mechanical 

properties. 

 

Figure 3 – Biocompatibility ranking of pure metals (Adapted from [23] ) 

 

The tailoring of phases by alloying element selection can also be combined with fast cooling 

rates to further promote β-phase formation at room temperature.  

This leads to the formation of metastable phases as the high temperature β phase is quenched, 

decomposing in α’ (hexagonal), α’’ (orthorhombic) and/or ω (trigonal) phases (figure 4).  

Both α’ and α’’ are supersaturated solid solution phases referred to as martensites. Their 

formation can take place by martensitic transformations in Ti-based alloys during casting, quenching, 

aging [27-28] or cold work at ambient temperature [11].  When using laser techniques in particular, the 

cooling of the melt pool favours this transformation making it a relevant process in the development of 

novel titanium alloys. 

However, it is known that the presence of such phases modifies the mechanical properties of 

the alloys. For example, α’’ based alloys have a lower Young modulus compared to α’. The omega (ω) 

phase on the other hand, increases both the Young modulus and the yield strength of titanium alloys 

[24]. 
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Figure 4 - Schematic representation of the α- β phase diagram of a β-isomorphous Ti-X alloy, 
 where X can be Ta, V, Nb , Mo or W [25] 

 

Moreover, when forcing a system in time to stay in metastable equilibrium at room temperature 

one can expect competition of the different phases to form during decomposition. Depending on the 

local composition of the alloy, prior microstructure and the nature of the heat treatment different 

outcomes are possible [26]. This makes it difficult to predict and control the obtained phases, especially 

since the mechanisms by which they interact is not yet fully understood.  

Additionally, if given sufficient energy and time, any system that is constrained in a metastable 

equilibrium would attempt to reach the thermodynamically stable phase mixture by phase separation. 

[27] That is the case of - precipitation during heat treatments, where either allotriomorph  or intra 

granular  can precipitate at the grain boundaries or within β grains, respectively [27]. The presence of 

α precipitates contributes to an increase in the Young’s modulus, as well as in the yield and ultimate 

tensile stresses [28]. All things considered, further developments on composition and processing routes 

are still necessary to find alloys with the best combination of properties for orthopaedic implant 

applications. 

2.2.3 Titanium-Tantalum alloys 
 

Alloying titanium with tantalum is one of the possible routes to obtain β-Ti alloys. Not only does 

tantalum demonstrates excellent corrosion resistance in both oxidizing and reducing acids, but this 

element is also a β-phase stabilizer. However, it has a high cost when compared to titanium, limiting its 

use to high performance applications ex: storage tanks in the nuclear industry [29]. By combining these 

two elements it is possible to obtain stable Ta2O5 and TiO2 oxide films on the surface of Ti-Ta alloys, 

yielding excellent corrosion resistance at lower costs.  



14 
 

More recently, Ti-Ta alloys are being perceived as a promising alternative in the biomedical 

industry for combining improved biomechanical properties with high corrosion resistance, compared to 

several orthopaedic grade titanium alloys [30].   

Zhou et al. found values of Young's modulus around 69 and 67 GPa (figure 5) for tantalum 

contents of 30 and 70%, respectively [24].  Teixeira et al. reported even lower values of Young’s modulus 

around 50 GPa for variable composition Ti-Ta alloys in the range of 30 to 65% tantalum [31], measured 

by depth sensing ultra-micro-indentation tests. As for Sing et al., values of 75.77 ± 4 GPa were obtained 

from selective laser melted specimens of Ti-50Ta alloy [32]. 

Though some dispersion of results is expected, all authors report very low stiffness alloys with 

the composition in the range 30-70% Ta, revealing their potential for biomedical applications.  

 

 

 

Figure 5 - Elastic modulus of Ti-Ta alloys  [24]  

 

However, some limitations regarding the processing strategies of the alloys have adjourned its 

widespread application, mostly due to the great differences in melting point and density. Tantalum has 

a melting point of 3020ºC, whereas titanium melts at 1670ºC (Fig 6). Likewise, tantalum has a density 

of 16.6 g/cm3 which is about 4 times the density of commercially pure titanium. This may lead to 

inhomogeneities and segregation of elements. 
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Still, even though efforts have been focused in using elements with stronger beta-Ti phase 

stabilising properties (ex: Nb and Mo), by changing the processing routes from conventional techniques 

like casting, it is possible to obtain uniform composition materials. Some successful examples include 

cold crucible levitation melting [34], selective laser melting [35-36], and powder metallurgy [39-40]. 

Alternatively, a thermal treatment can be performed, as reviewed in chapter 2.3.2. 

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure 6 - Binary Ti-Ta phase diagram [33] 
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2.3 Processing of Titanium alloys 
 

Titanium refining and processing is considered an expensive, difficult process due to its high 

reactivity with interstitial elements like oxygen, nitrogen, hydrogen and carbon. When not performed in 

a controlled atmosphere, the mechanical properties are severely affected [19].  

For that reason, the main method used for production of titanium alloy ingots is vacuum arc 

melting (VAM). Several other techniques can be used such as powder metallurgy, forging or laser 

deposition. However, they must be carried out under vacuum or controlled atmosphere conditions to 

avoid contaminations. 

 

2.3.1 Laser Assisted Deposition 
 

Laser techniques allow high temperature processing of titanium and its alloying elements. 

Among them, cladding processes aim at coating a substrate with a layer of a different material to 

improve its surface properties and performance in severe service conditions [37]. The selected clad 

materials are metallurgically bonded to a substrate by use of high energy density generated by a laser 

beam (Figure 7). They can be injected into the melt pool as a powder, carried by flow of inert gas, or 

pre-placed as a paste, foil or wire [38]. 

 

Figure 7 - Schematic representation of the laser cladding process 

 

When a laser beam scans the surface of the workpiece, it melts the added materials and a layer of 

the substrate. When it moves, the region of molten material starts to cool down and solidify.  leaves 

behind a track of re-solidified material after cooling. The rapid cooling rate of the melt promotes the 

formation of non-equilibrium phases (like the β-phase) and microstructures. For complete surface 

coverage, consecutive clad tracks are overlapped, as represented in the figure 8. Sufficiently low 

roughness is obtained if overlap is on the range 50–60% [38].  
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The process is controlled by several parameters such as laser scanning speed, powder feed rate 

and laser beam power, that influence the dilution rate, homogeneity, cracking and porosity of the clad. 

In order to produce defect-free coatings without compromising the bulk properties of the substrates, one 

should optimize these parameters. When that is achieved, the final microstructure and properties are 

improved, with less time and materials consumed [38].  

In fact, it has been showed that the microstructure and properties of titanium alloys developed by 

laser deposition are similar to those obtained by casting methods[2,43]. These results are in good 

agreement with other researchers investigating Ti-Ta alloys [27,36] 

As such, one can expect that laser-based additive manufacturing techniques will move into the 

mainstream of medical-related industries, as a competitive technology in the processing of metallic 

biomaterials and mass production of customized biomedical devices [40]. 

 

2.3.2 Heat treatment  
 

Numerous post-processing operations can be carried out after fabrication of an alloy to tune the 

microstructure and develop different properties. These include thermal treatments such as low 

temperature stress reliving, annealing, ageing and quenching, that can be combined with mechanical 

processes to produce the most acceptable combination of the different properties. 

The enhancement of properties achieved significantly depends on composition, as they define 

the pre-existing microstructure and phases, but also on the HT conditions. 

 

Concerning Ti-Ta alloys, homogenization treatments have been performed by researchers to 

solve segregation issues with tantalum and titanium. Table 6 provides a summary of the methods and 

conditions employed. 

 

 

 

Figure 8 - Schematic representation of the tracks cross-section, 
showing overlapping 
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Table 6 - Homogenization conditions of several HT Ti-Ta alloys and prior sample production methods 

β-Ti alloys Production Method Homogenization Conditions Ref 

Ti-Ta 

Vacuum arc melting 

1100°C for 1 h + WQ [39] 

1000ºC, 1100ºC for: 1h, 4h, 9h, 16h and 25 h + WQ  [33] 

1000ºC for 6h + WQ [41] 

1100 °C for 25 h + WQ [42] 

1000 °C for 12 h + WQ. [43] 

Arc furnace in  
helium atmosphere 

 1000°C for 3h + WQ. [44] 

Ti-30Nb-
1Mo-4Sn 

Arc Melting 900 ºC for 5 hours + WQ [45] 

Ti-Ta-Zr 
Selective Laser 

Melting 
850ºC for 2h + WQ [46] 

 

When using casting based methods, regardless of the number of re-melting cycles, larger grain 

size and concentration variations between Ta-rich and Ti-rich regions are expected when compared to 

laser processed materials. This occurs because the structures formed during solidification are 

significantly dependent on cooling rate [47]. Thus, subsequent HT in laser processed materials to 

improve homogeneity will not be as time consuming as in casting, owing to the finer scale of the 

microstructure and smaller diffusion distances to overcome. Therefore, in order to produce a 

homogeneous alloy, control over equilibrium parameters and knowledge of inter-diffusion characteristics 

between the two element is mandatory. A more thorough analysis on this topic is provided in heat 

Treatment in 4.2 
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3. MATERIALS AND METHODS 
 

The experimental part of this work is divided in two sections: the first regarding the synthesis of Ti-

30Ta and Ti-63Ta (wt%) alloys by laser cladding, the second regarding the characterization and testing 

of the coatings produced. 

 

3.1  Materials Preparation  
 

In order to deposit a coating by laser cladding, powders of different materials were mixed for 

15min in a Turbula to obtain two distinct compositions (wt%): Ti-30Ta and Ti-63Ta. Their characteristics 

are listed in Table 7.  

 

Table 7 - Characteristics of the powders 

Powder Particle appearance Particle size (μm) Purity (%) 

Ti Spherical 45-75 99,2 

Ta Irregular 20-70 99,5 

 

Knowing that zirconium additions to high Ti content alloys contribute to supress the formation of 

the brittle ω phase, a small concentration (5%) of this element was added to the Ti-30Ta powder mixture. 

Its particles (blue) can be observed in the element distribution map of the Ti-30Ta powder mixture on 

figure 9. 

Plates of commercially pure titanium (grade 2) were used as substrate, with dimensions of 100 

mm x 100 mm x 6 mm. Prior to deposition, the substrates were degreased with acetone and cleaned 

with sand paper and alcohol. 

Prior to deposition the powder mixture was heated at 100ºC for 24h in a Memmert dry oven to 

eliminate adsorbed moisture. Before the experiments, the calibration of the powder feeding system was 

performed for each of the Ti-Ta powder mixtures used. In order to relate the average powder flow rate 

with the disc’s (L0,6/7,5) rotational velocity (RPM), the mass of powder was measured for a set period 

of time, at different rotating speeds. Figure 10 shows the calibration line of the powder mixtures used. 

  

Figure 9 - a) SEM micrograph b) element distribution map of Ti-30Ta powder mixture 

a) b) 
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Figure 10 - Calibration line of the Ti-Ta powders used 

 

 

3.2 Laser Cladding 
 

The laser deposition experiments were performed using the set-up shown on figure 11, 

consisting of a 1.5 kW diode laser (Laserline LDM 150-60), an optical fibre beam delivery system, a 

CNC controlled XY table and a Plasma Technik Twin 10C powder feeder. The powder mixture is carried 

by a flow of argon and fed to the laser melt pool through a lateral nozzle at a angle of 35° to the laser 

beam. 

After several preliminary experiments, optimized laser processing parameters were achieved to 

produce a coating with appropriate geometry, well adherent to the substrate and with reduced defects 

(porosity, cracks and undissolved particles). This involved balancing the laser power, focal distance and 

scanning speed, as well as the powder feed rate and track overlap. The optimized parameters are 

presented in table 8. 

  

a) b) 
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Figure 11 - Laser deposition set-up: A - Powder feeding system: Plasma Technic Twin 10C 
 B - Diode laser LDM 1500-60, C - Controlled X-Y table  

 

 

Table 8 - Processing parameters used in laser deposition of Ti-Ta alloys 

Substrate CP Ti (grade 2) 

Coating alloy (wt%) Ti-30Ta Ti-63Ta 

Laser Power (KW) 1.5 

Scanning speed (mm/s) 8 

Powder feed rate (g/s) 0,14 0,12 

Overlap (%) 44 46 

Powder feeding tube diameter (mm) 2 

Shielding gas flow (L/min) 5 

Clad track length (mm) 90 

 

 

3.3  Heat Treatment 
 

In the case of Ti-Ta alloys, and other heavily beta-stabilized alloys (Ti-Mo-Zr, Ti-Mo), different 

authors have reported the formation of a segregation pattern after solidification; one that resembles 

small dendrites [2,30,52] and that correspond to regions richer in Ti and rich in Mo or Ta. This pattern 

can affect the properties of the material, in particular the corrosion resistance. To eliminate this 

segregation pattern a homogenization heat treatments could be performed. 

In the present work the homogenization conditions were chosen from calculations made using 

an atomic diffusion model based on the solution to the Fick’s second law.  



22 
 

The model allowed determining the relaxation time needed for an alloy with a sinusoidal 

composition variation to reach complete homogeneity. The details of the model and its application are 

provided in section 4.2. Similar models have been used to predict the approximate time necessary to 

eliminate segregation in castings [48].  Alternatively, other authors have performed several re-melting 

cycles, up to 16 times [39,54-55] . However, this solution is not practical, nor economically viable in a 

practical application. 

Thus, the heat treatments were carried out in an hoven, at a temperature of 1000ºC for 1,5 h. 

After heat treatment the samples were quenched in water. 

 

3.4  Structural Characterization 
 

The structural characterization of the material was performed by X-ray diffraction, optical microscopy 

and scanning electron microscopy, using samples of the alloys submitted to prior metallographic 

preparation.  

Sections of the tracks were cut perpendicularly to the surface, the edges being discarded from the study. 

Both surface and cross-sectional samples of each alloy were cut, embedded in conductive resin and 

submitted to grinding using a series of SiC papers (grit sizes from 200 to 4000), until flatness was 

achieved. This was followed by polishing using diamond suspensions (3 and 1 μm) and colloidal silica 

(0.05 μm). Between each step, the samples were cleaned in alcohol in an ultrasonic bath. The samples 

for microscopic observation were etched in Kroll’s reagent. 

 

3.4.1 X-Ray Diffraction 

 
To identify the phases present in the coating, X-ray diffraction (XRD) was carried out using a Phillips X-

ray diffractometer, using Cu K𝛼 radiation (λ=1.5406 Å). The measurements were performed in Bragg-

Brentano configuration, using a voltage of 40kV and a current of 30mA. The diffraction angle, 2ፀ, was 

swept from 30º to 80º, with a step size of 0.01º, and an acquisition time of 2.5s/step. Diffractograms 

were obtained for the Ti-30Ta and Ti-63Ta samples, in the as-deposited and heat-treated condition after 

the corrosion tests. Phases were identified by comparison with ICDD 44-1294 and 44-1288 charts for α 

and β titanium, respectively. 
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3.4.2 Microscopy 
 

The microstructure of the as-deposited and heat treated samples was analysed by optical microscopy, 

using an Olympus PMG3 microscope, and scanning electron microscopy (SEM), using a Hitachi S-2400 

microscope (Figure 12). The latter is equipped with backscattered and secondary electron detectors, as 

well as a chemical composition analysis system by energy dispersive X-ray spectroscopy (EDS). 

 

 

Figure 12 - Hitachi S2400 analytical SEM 

 

 

3.5   Properties testing 
 

3.5.1 Ultra-micro indentation and microhardness testing 
 

The microhardness of the Ti-Ta alloys was evaluated by Vickers hardness measurements 

performed in a Mitutoyo AVK-C2 Hardness Tester, at 300 gf for 20 seconds (HV 0,3), using the 

procedure specified in ISO 6507-1 [49]. The results presented are the average of 10 indentations, 

performed in different regions of each sample. 

The Young’s modulus of the Ti-Ta alloys was evaluated by ultramicroindentation tests using a 

Micro Materials NanoTester. The instrumented indentation tests were carried out using a Berkovich 

indenter, under a loading-creep-unloading-creep cycle, at a maximum load (P) of 200 mN. For each 

sample, 36 measurements were made under a 3x3 grid point system, in 4 zones of the sample. The 

results obtained are the average of the 36 indentations. 
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Figure 13 - Load-displacement ultramicroindentation curve [50] 

 

A schematic indentation curve is presented in Fig. 13. After correction for equipment compliance the 

reduced Young's modulus (Er) can be calculated from the slope of the unloading curve at maximum load 

(dP/dh) [50]: 

𝑑𝑃

𝑑ℎ
= 2E𝑟

√𝐴𝑐

√𝜋
 

where Ac is the projected area of the indentation, given by:  

Ac ≈ 24.5 hc
2 

 

The Young's modulus of the material may then be obtained using equation 3: 

 

1

Er
=

1 − νs
2

Es
+

1 − νi
2

Ei
 

 

where 𝑣s and 𝑣i, Es and Ei are Poisson’s ratios and Young's moduli of the material and indenter, 

respectively.  

 

 

 

 

 

 

(1) 

(2) 

(3) 



25 
 

3.5.2 Wear Testing  
 

The wear behaviour of Ti-Ta alloys was investigated through microscale wear tests, performed 

under dry sliding conditions in a TE 66 Micro-scale abrasion tester (Fig. 14). The system is similar to the 

one established by Kassman et al. [51] and later generalised by Rutherford and Hutchings [52], using a 

sphere-on-plate configuration.  

In this configuration a flat specimen is pressed into a rotating sphere by test loads placed on a 

weight hanger. A sphere of AISI 440C stainless steel (hardened to about 700 HV) with 25.4 mm diameter 

was used as counterbody. The sphere is constrained to rotate in a fixed orientation, so its position was 

adjusted after each trial, preventing the development of a flat wear track on its surface. The tests were 

performed under a normal load of 1 N, at a sliding speed of 200 mm/s and for a linear sliding distance 

of 200 m. 

After the tests, the diameter of the wear crater was measured by optical microscopy and the 

respective wear volume was calculated. The obtained values were used to determine the material loss 

from the coating, using the models proposed by Kassman et al. and Rutherford and Hutchings [58-59], 

and standardized on ISO 26424:2008 [53]. 

 

 

Figure 14 - a) TE 66 Micro-scale abrasion tester; b) Contact Mechanism 

 

The rotation of a spherical counterbody on a flat sample generates a spherical cap with diameter d and 

depth h (fig. 1), the volume of which is given by: 

 

V =
π

3
ℎ2(3𝑅 − ℎ) 

 
From fig. 1 results that: 

R2 = (
𝑑

2
)2 + (𝑅 − ℎ)2

 

 

 

(5) 

(4) 

b) a) 
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This is: 

𝑑2

4𝑅
− 2h +

ℎ2

2
= 0 

For R>>h results: 

h ≈
𝑑2

8𝑅
 

From the equations above results: 

V =
π

3
 

𝑑4

64𝑅2
(3𝑅 − ℎ) 

that, for R>>h results in the wear volume: 

𝑉 =  
𝜋𝑑4

64𝑅
 

 

This equation allows determining the wear rate (Q = V/L) and the wear coefficient (k= Q/FN): 

 

𝑄 =  
𝜋𝑑4

64𝑅𝐿
 

 

𝑘 =  
𝜋𝑑4

64𝑅𝐹𝑁𝐿
 

 

 

Where L is the linear sliding distance, R the radius of the counterbody and FN the normal force. 

 

After the tests, the wear surfaces were analysed by scanning electron microscopy and EDS to identify 

the operating wear mechanisms and to characterize the wear products formed during testing. 

 

 

3.5.3 Corrosion Testing 
 

The corrosion resistance of the binary Ti-30Ta and Ti-63Ta alloys (wt%) was evaluated through 

electrochemical tests. Open circuit potentials (OCP) were measured for 62 hours in order to evaluate 

the thermodynamic tendency of Ti-Ta alloys to participate in the corrosion reactions with the surrounding 

medium.  

 
The electrolyte used for simulating human body fluid conditions was Hank’s solution, prepared 

using analytical grade chemicals and deionized water. Its composition is shown in Table 10. 

 

 

(7) 

(8) 

(9) 

(6) 

(10) 

(11) 
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Table 9 - Composition of Hank’s solution 

Reagent Composition (g/L) 

KCl 0,4 

KH2PO4 0,06 

MgCl2.6H2O 0,1 

Na2HPO4.2H2O 0,06 

NaHCO3 0,35 

MgSO4.7H2O 0,06 

Glucose 1 

CaCl2.2H20 0,185 

NaCl 8 

MgSO4.7H2O 0,06 

 

 

The electrochemical cell consisted of three electrodes. The sample of the alloy was used as 

working electrode, with 2,5 cm² exposed area, a saturated calomel electrode was used as a reference 

electrode and a coil of platinum wire as counter electrode (Fig. 19). Conductive silver paint was used to 

attach the back surface of each specimen to a copper wire, which provided electrical contact to the 

electrochemical corrosion testing apparatus. Each specimen was then embedded in epoxy resin and 

wet polished with a series of SiC abrasive papers with grit sizes up to 4000.  A beeswax-colophony 

blend was used as masking mixture around the edges of the sample, outlining the exposed area under 

corrosion study. 

 

 

Electrochemical Impedance Spectroscopy (EIS) 

 

The EIS measurements were made in a potentiostat (Gamry Instruments Reference 

600+/Galvanostat/ZRA) connected to the three electrode electrochemical cell (figure 15). The 

experiments were performed at the open circuit potential, using a potential perturbation voltage of 10 

mV, and the current response was measured to determine the impedance. The results are presented 

as Nyquist and Bode plots in a frequency range from 10 mHz to 100 kHz.  
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Figure 15 - Corrosion tests set-up 

 

Anodic Polarization 

 

The anodic polarization tests were conducted immediately after the EIS tests, with the samples 

being held in the electrolyte solution for sufficient time to recover a stable OCP. Polarization curves were 

recorded at a scanning rate of 1 mV/sec, on a range of -0.5V to +1.5V. Each test was repeated at least 

two times for each specimen until all the repeated runs exhibited similar polarization curves. All reported 

potentials in this work are relative to SCE. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) 
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4. RESULTS AND DISCUSSION 
  

4.1 Clad Tracks  
 

Figure 16a displays two uniform 9 cm long deposits, resulting from the lateral overlap of 10 

tracks. The cross-section of the deposited material (figure 16b) shows that the layer is relatively 

homogeneous, with an average thickness of 1370 μm. Some small pores are observed at the 

coating/substrate interface, probably resulting from gas bubbles formed during laser melting and caught 

by the fast advancing solidification front.  

 

 

 

Figure 16 - a) Ti-63Ta clad tracks; b) Cross section of Ti-63Ta 

 

The analysis of the chemical composition of the alloys was carried out in 4 regions of the 

samples. The average values are summarized in table 10:   

 

a) 

b) 
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Table 10 - Chemical composition analysis 

 

 

 

 

 

 

 

 

Despite some composition fluctuations, the values measured are close to the nominal 

compositions of Ti-30Ta and Ti-63Ta alloys. The variations most likely result from the presence of a few 

particles of Ta that remained undissolved due to the high melting temperature of this element and the 

short duration of the melt pool. However, these particles are quite small and concentrated is a few areas 

of the sample, in particular the Ti-63Ta alloy. 

 In laser melting processes, composition homogenization may be achieved by convection and/or 

diffusion in the liquid. Due to the short duration of the melt pool and the fast solidification rates achieved 

the high melting temperature elements (like Ta) often do not melt but dissolve in the liquid, dissolution 

being enhanced by mass diffusion and convection in the liquid induced by the temperature gradients 

existing the melt pool. However, when reaction phases form between the particle and the liquid material, 

dissolution may be slowed down and there may be insufficient time for complete particle dissolution and 

full homogenization. This has been previously demonstrated by Almeida et al. and justify the presence 

of a few undissolved particles in the Ti-Ta alloys [54]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Element [norm. wt.%] 

Ti-30Ta 

Ti 69,8±2 

Ta 25,8±3 

Zr 4,4±6 

Ti-63Ta 
Ti 40,9±1 

Ta 59,1±4 
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4.2 Structural characterization and Heat Treatment 
 

The diffractograms of the Ti-30Ta and Ti-63Ta alloys developed in this work are presented in 

figure 17, in the as-deposited and heat-treated conditions (HT). 

 

 

Figure 17 – X-ray diffractograms for the Ti-Ta alloys developed in the as-deposited and HT 
conditions 

 

In the as-deposited condition, for the Ti-30Ta alloy (black), all peaks identified correspond to the 

α’ phase of titanium. These results are in good agreement with several authors reporting a martensitic 

structure with a distorted hexagonal crystal lattice, for tantalum contents up to 30wt% [2,48,62]. 

When larger amounts of tantalum are alloyed into titanium, an α’ (hexagonal) → α’’ 

(orthorhombic) transformation is observed. The compositional boundary reported in the literature for this 

transition is found to lie between 20% and 30% tantalum [24]. Above that, α’’ coexists with the β phase, 

with β gradually becoming the dominant constituent as the amount of tantalum increases. When the 

tantalum content exceeds 76%Ta, the alloy is comprised entirely of β-phase [2,29,62,63]. Thus, the 

combination of α’’ and untransformed β obtained for Ti-63Ta alloy is in line with the constitution 

previously reported for the alloy. 

Given the proximity in position and intensity of signals from α’, α’’ and β phases, longer 

acquisition times were used in the XRD measurements to obtain a higher resolution. This allowed to 

distinguish α’’ from α’, due to the splitting of peaks at angles close to 35º, characteristic of orthorhombic 

α’’ (red).  
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Regarding the microstructure of the Ti-30Ta alloy (figure. 18), the major constituent observed 

shows a fine acicular martensitic structure, corresponding to α' phase. Between the needles some minor 

traces of untransformed β phase may be observed. Nonetheless, its volume fraction is negligible, as it 

wasn’t detected by XRD.  

 

 

Figure 18 - SEM micrograph of Ti-30Ta 

 

The microstructure of the Ti-63Ta (Figure 19a) shows large  phase grains and a finer branched 

substructure similar to dendrites. Observation by SEM at higher magnifications (fig 19b and Fig 19c) 

reveals the presence of two distinct regions, corresponding to the darker and brighter areas in the 

previous images. The darker zones present a very fine needle-like morphology, likely corresponding to 

the α’’ martensitic phase. The brighter regions are smooth and most probably correspond to 

untransformed β phase.  

Thus, a mixture of untransformed β and orthorhombic α” martensite coexist in the microstructure 

of the Ti-63Ta alloy, confirming the results obtained by XRD. 

 

 

 

 



33 
 

Backscattered electron micrographs of the Ti-63Ta alloy (fig. 20) revealed that the two 

morphologies observed correspond to a chemical segregation pattern existing in the alloy, in which the 

darker regions present a higher concentration of Ti, while the brighter present a higher content of Ta 

(higher atomic number). 

 

  

 

Figure 19 - Microstructure of Ti-63Ta alloy 

 

a) b) 

c) 
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Figure 20 - BSE micrographs of: a) Ti-30Ta alloy; b) Ti-63Ta alloy 

 

Similar segregation patterns resembling small dendrites have been reported for Ti-Ta alloys 

[2,37,39] and other heavily beta-stabilized alloys (Ti-Mo-Zr, Ti-Mo, Ti-Nb) [30,43,52,55], however, the 

phenomenon has never been discussed nor explained. 

A recent evaluation of the Ti-Ta phase diagram from ab-initio calculations performed by Barzilai 

et al [56] suggests the existence of a miscibility gap in the bcc region. This being the case, it fully explains 

the phase separation observed in the present study and the formation of the composition dependent, 

fine dendrite-like substructure in the alloys. 

 

 

Diffusion model 

A heat treatment was carried out to improve the chemical homogeneity of the as-deposited 

samples, followed by immediate quenching in water. The homogenization conditions were chosen using 

a diffusion model based on the solution of Fick’s second law.   

The composition variations of the as-deposited samples were approximated to a sinusoidal 

profile. Mathematically, this can be solved if CB varies sinusoidally with distance in one dimension, as 

shown in Figure 21. Though the initial concentration profile will not usually be sinusoidal, one can 

consider any concentration profile as the sum of an infinite series of sine waves of varying wavelength 

and amplitude, and each wave decays at a rate determined by its ownτ.  

If exposed for a sufficiently long time, at a given T temperature, the amplitude of the 

concentration profile decreases to that indicated by the dashed line [48]. 

a) b) 
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Thus, the evolution of local compositions can be approximated to: 
 

𝐶 = 𝐶̅ + 𝛽0 sin (
𝜋 𝑥

𝑙
) exp (

−𝑡

𝜏
) 

 

where 𝐶̅ is the average concentration, 𝛽0 is the amplitude of the wave like variation of concentration, 𝑙  

represents half of the wavelength and D is the diffusion coefficient. 

𝜏 is the relaxation time, given by:  𝜏 =
𝑙2

𝜋2𝐷
 

 

Input data for calculations 

 

Determining wavelength 

Figure 22 represents the backscattered electron micrograph of the Ti-63Ta alloy prior to heat 

treatment. The high contrast reveals the chemical segregation pattern, with darker regions 

corresponding to higher concentration of Ti and the brighter ones to Ta (higher atomic number). From 

the micrographs it possible to determine the distance between these regions, corresponding to the 

wavelength. 

The EDS line scan (fig 23) confirms that the chemical composition varies along the grains 

periodically. 

 

 

Figure 21 - The effect of diffusion on a sinusoidal variation of composition [48] 

(13) 

(14) 
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Figure 22 - BSE micrograph of Ti-63Ta 

 

 

 

Figure 23 - a) EDS line scan b) SEM micrograph of Ti-63Ta 

 

The wavelength, 2l, was measured using different micrographs. From the average of 20 

measurements, resulted 2l= 8.5μm ±0,6. This corresponds to the distance between two points in phase, 

i.e. with similar chemical composition. 

 

Interdiffusion coefficient 

It should be noted that the diffusion coefficient used in Equation (13) is referring to interstitial 

atoms. Nonetheless, the same equations are valid for substitutional alloys, regarded that an 

interdiffusion coefficient is used instead [48]. Figure 24 provides the variation of the interdiffusion 

coefficient of tantalum in β-Ti, with tantalum content. Its values at different temperatures and 

concentrations are detailed in the appendix. 

  

a) b) 
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Figure 24 - Interdiffusion coefficients vs composition at different temperatures [57] 

 

Predicted homogenization time and comparison with literature 

 

Based on equation 14 and the data provided above, calculations were made to predict the ideal 

homogenization time, from which resulted table 11. 

 

Table 11 - Theoretical homogenization treatment scheme 

 
Temperature 

domain 
Temperature (ºC) Time Cooling mode 

Ti-30Ta 
β phase field 1000 

2 min Water Quench 

(WQ) Ti-63Ta 1h 22 min 

 

The calculated heat treatment times were compared with homogenization conditions reported 

in the literature for Ti-Ta alloys previously summarised on table 6. Most authors made use of longer 

homogenization times, from 3h to 25h. This was expected since the majority of samples were produced 

by casting methods, where coarser structures and larger diffusion distances are necessary throughout 

the ingot. For laser processed alloys shorter homogenization times are required, owing to the smaller 

scale of the microstructure, where diffusion distances are shorter than by coarser microstructures. 

Gortikov [58] reported composition variations from a nominal composition of 30 wt% Ta, to 25 and 42 

wt% of tantalum, over a distance of 100 μm. In this study, the diffusion distances fell below 10μm.  

Thus, a compromise was reached for a HT of both samples at 1000ºC during 1h30min, followed 

by water quenching to promote β phase stabilization at room temperature (figure 25). This is expected 

to remove the segregation pattern and improve que chemical homogeneity of the alloys. 
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Figure 25 - Thermal profile of the oven during HT 

 

XRD patterns for HT Ti-30Ta and HT Ti-63Ta (Fig. 17) displayed minor shifts in position and 

relative intensity of the peaks, compared to Ti-30Ta and Ti-63Ta, respectively. Thus, the same phases 

observed before endure: hexagonal α’ phase for HT Ti-30Ta, and a combination of orthorhombic α’’ and 

untransformed β phase for HT Ti-63Ta.  

Nevertheless, when analysing the micrographs for the HT specimens (Fig. 26), strong evidence 

of phase transformation products was found. It is possible that the contributions of α phase in the 

diffractogram were masked, either due to the proximity of peaks, or due to strain in the crystal lattice 

caused by solid solution. 

 

  

Figure 26 - Microstructure of HT Ti-63Ta alloy 

 

Allotriomorph α and intra granular  precipitates are present at the grain boundaries and within 

the  grains, respectively. The intragranular  plates, orientated in multiple crystallographic directions, 

display a typical Widmanstatten structure formed at high cooling rates.  
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Figure 27 - Microstructure of HT Ti-30Ta 

 

As for HT Ti-30Ta (Fig. 27), the allotriomorph α precipitates are distributed over the 

microstructure with rather different morphologies, either thicker plates or long needles.  

Numerous researchers have reported the presence of similar alpha precipitates in heat treated 

or thermo-mechanically processed β-Ti alloys [33,67-70]. 

From the classical nucleation and growth mechanism one could state that grain boundaries and 

interfaces are favourable nucleation sites for precipitates to further release the total Gibbs free energy 

of system. This would explain the formation of allotriomorph α at the grain boundaries. The same 

reasoning would apply to the intra granular  precipitates, that could nucleate and grow within  grains 

at  precipitates (only detected by TEM), dislocations or inclusions. However, the nucleation 

mechanisms involved in rapid solidification of undercooled melts are quite different from those of 

conventional solidification. Competitive nucleation between stable and metastable phases occurs when 

quenching from the high temperature β-field. This results in complex interactions that are not yet fully 

understood.  

Different mechanisms explaining the formation of α precipitates have been proposed such as 

the pseudo-spinodal mechanism [69-72], or the ω-assisted mechanism [59]. The first states that local 

compositional fluctuations of small amplitude can favor thermodynamically certain regions of the β 

matrix to transform congruently to the α-phase, with compositions far from equilibrium [60]. Considering 

the segregation phenomena between titanium and tantalum this hypothesis seems valid. The latter 

mechanism states that omega phase acts as a favourable heterogeneous nucleation site for α 

precipitates, and thereby precipitation of α becomes the dominant pathway, with a rapid increase in the 

nucleation rate. However, since no transmission electron microscopy tests were carried out to identify 

the ω phase, no further assertions can be made.  

Overall, the results obtained confirmed that the phase constituents and the microstructure of Ti–

Ta alloys depend on the amount of alloying element. HT was effective in removing the segregation 

pattern and solving the composition variations after laser deposition. This is confirmed by comparing the 

backscattered electron micrographs of the as-deposited samples, with the heat treated ones. 
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4.3 Hardness and Young Modulus measurements  
 

The hardness of Ti-Ta alloys was measured by microindentation techniques. The results are 

reported on figure 28. 

 

 

Figure 28 - Microhardness measurements 

 

 

The Ti-30Ta alloy presents an average hardness of 300HV while the Ti-63Ta presents a value 

of 401HV. This can be explained by solid solution strengthening due to the increasing amount of alloying 

element.  

Structural analysis of the HT alloys revealed the presence of allotriomorph α precipitates, 

resulting from a β→α transformation. Among Ti alloys phases, α phase displays the lowest hardness 

values. These precipitates were observed throughout the structure of HT Ti-30Ta, and in larger amount 

within β grains and at the grain boundaries of the HT Ti-63Ta alloy. Its presence might decrease in 

hardness of the HT samples, if not compensated by other changes in the structure of the material. It is 

possible that the HT followed by water quenching promoted the formation of larger amounts of α’ in HT 

Ti-30Ta and further stabilized β phase in Ti-63Ta, since a faster cooling rates were used compared with 

air cooling after laser deposition. This would explain the decrease in hardness observed from Ti-63Ta 

to HT Ti-63Ta, and the hardness increase from Ti-30Ta to HT Ti-30Ta. 

Several authors have reported that the hardness of hexagonal α’ phase dominated alloys is 

higher than orthorhombic dominated α’’ alloys. This has been verified for Ti-Nb [61], Ti-Mo [62] and Ti-

Ta [1] alloys. It has been suggested that the less strain involved in the α’’ transformation compared to 

the α’ transformation leads to less work hardening of the final martensite, explaining the lower hardness 

values of α’’ dominated alloys [59]. One can summarise the microhardness evolution of each phase by: 

𝜔>α’>α’’>β>α (c.p. Ti) [61]. 
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The Young’s modulus of Ti-Ta alloys was measured by ultramicroindentation techniques.  

Typical load-displacement curves obtained for each sample are provided on Fig. 29.  

 

 

Figure 29 - Load-displacement ultramicroindentation curves for Ti-Ta alloys 

 

The figure shows a smooth evolution and good overlap of curves during the loading-creep-

unloading-creep cycles. The small error bar of the Young’s modulus values confirms the good 

repeatability of measurements, obtained after 36 indentations per sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It is well known that the Young’s modulus is determined by the bonding force between atoms. 

The bonding force is related to the crystal structure and the interatomic distances, and it can be affected 

by heat treatments [63]. Thus, in a multiphase alloy, the Young’s modulus is determined by the modulus 

 

 

Figure 30 - Young modulus measurements 
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of the individual phases and by their volume fractions, and not sensitive to grain size  or morphology of 

structures [24]. 

It has been reported that β phase exhibits a much lower Young’s modulus compared with the 

remaining titanium phases, with the Young’s modulus increasing in the following sequence: β < α’’ < α 

< ω [76-77]. Increasing additions of β-stabilizing elements combined with fast cooling rates further 

promote the formation of β phase, that intrinsically has a lower Young’s modulus.  

Structural analysis of Ti-30Ta and Ti-63Ta reveals they are mostly constituted by α’ phase and 

a mixture of α’’+β phases, respectively. The observed Young’s modulus (fig. 30) of 106±2 and 

100±2GPa for Ti-30Ta and Ti-63Ta, respectively, seems to agree with the reported evolution. As for the 

HT samples, both display slightly higher values, probably owing to the presence of α phase. 

Nonetheless, the values reported in this study are higher than those found by other authors. 

Sing et al reported a Young modulus of 75.77 ± 4.04 GPa for a Ti-50Ta alloy. The results were obtained 

after tensile tests of several specimens produced by selective laser melting. The lower Young’s modulus 

reported can be explained considering the alloy was fully constituted by β phase, as opposed to a 

mixture of α’’+β in the Ti-63Ta alloy of the present study. Alternatively, Almeida et al measured Young’s 

modulus values in the range of 50-75GPa for tantalum contents near 30%, and 50-55GPa up to 65%Ta 

[31]. For similar compositions Zhou et al reported Young’s modulus of 69 and 67 GPa, for alloys with 30 

and 70%Ta, respectively [24].  

The differences to the literature in Young’s modulus can be justified by the measurements and 

methods used. The lighter loads applied in the present study (200mN) result in smaller penetration 

depths, resulting in deviations in the area function of the indenter, not providing accurate representation 

of all constituent phases of a material [64]. Moreover, reflections from the material’s anisotropy 

contribute to the deviations, originating from the presence of very thin oxide films with different properties 

than the bulk material, or resulting from residual stresses from sample preparation or heat treatment 

[50]. Regarding the technique itself, it is agreed that tensile tests measure slightly lower Young’s 

modulus values than free resonance or ultrasonic methods, while the dynamic ultramicroindentation 

tests seems to give slightly higher values, especially when low loads are used, where ISE are more 

significant [4].  

 

4.4 Wear Behaviour 
 

Dry sliding wear tests were carried out on the surface of the Ti-30Ta and Ti-63Ta alloys. The 

wear craters diameter was measured and used to determine the volume loss of material removed. 

Based on Rutherford and Hutchings’ generalized model it was possible to calculate the wear rate and 

wear coefficient. The results are displayed on Table 12 and 13.  
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Table 12 - Wear Test Results 

 

 

 
 
 
 
 

Table 13 - Summary of the wear test results 

 Ti-30Ta Ti-63Ta 

Volume removed [mm3] 0,112 ± 0,017 0,077 ± 0,019 

Wear rate [x10^-4 mm3/m] 5,611 ± 0,856 3,874 ± 0,959 

Wear coefficient [x10^-4 mm3/(N.m)] 5,725 ± 0,874 3,954 ± 0,979 

 

The results show that Ti-63Ta presents a lower wear rate and wear coefficient than the Ti-30Ta 

alloy. This results from the fact that the Ti-63Ta alloy is harder than the Ti-30Ta due to the solid solution 

hardening effect, caused by the higher content of tantalum in that alloy. 
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Worn Surface Morphology 

 

    

Figure 31 - SEM micrograph of Ti-30Ta worn surfaces 

 
 

  

Figure 32 - SEM micrograph of Ti-63Ta worn surfaces 

 

For the applied load of 1N (=100g), the wear craters (Fig. 31 and Fig. 32) show extensive areas 

of the surface covered with particles that accumulate at the crater’s borders. Parallel scratches and 

grooves in the direction of sliding are present for both compositions, indicating that abrasion by hard 

and fine particles has occurred during the test. The grooves in the Ti-63Ta alloy are much shallower 

with respect to those of Ti-30Ta alloy. This is attributed to the higher hardness of this alloy, which results 

in a reduced deformation, and thus an improved tribological behaviour.  

A closer examination of the wear surface shows that these fine particles have an irregular shape 

and are dispersed over the entire surface. The wear surface also presents some plate-like particles, 

highly deformed in the sliding direction (Fig. 33). These particles result from adhesion to the 

counterbody. 
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Figure 33 – Small wear debris particles and plate-like deformed regions (indicated by arrows) at the 
surface of the wear crater in the Ti-30Ta alloy 

 

Chemical analysis of the wear debris collected during the test (Fig. 34) revealed the presence 

of titanium, tantalum, zirconium and oxygen, with some minor traces of iron and chromium. Thus, it is 

likely that the particles are constituted by oxides. The presence of Fe and Cr in the wear particles 

confirms the abrasive action of the hard oxide particles on the counterbody as well.  

 

 

Figure 34 - Chemical analysis of Ti-30Ta wear debris by EDS 
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The shape of some wear particles confirms the abrasive nature of the action of the hard oxide 

particles by microcutting and microploughing. As the hard oxides indent the softer material from the 

coating and from the counterbody, a wedge is formed (figure 35), that will only detach when the soft 

material reaches its plastic limit. The wear debris particles act as abrasive to both the sample and the 

counterbody. This further promotes the formation of grooves and scratches and material loss by 

abrasive wear (by microploughing and microcutting). 

 

Figure 36 displays the element distribution map of a deformed particle, similar to the one of 

figure 33. Traces of elements from both the coating and the counterbody suggest some adhesion and 

transfer of material between the Ti-Ta alloy and the counterbody. This occurs in oxide free region when 

asperities of the sample and the counter-body adhere with each other. When sliding continues the two 

bodies separate, but not through the original interface, leading to material transfer. However, this effect 

occurs in a limited region only. 

 

 

Figure 36 - Element distribution map of Ti-63Ta debris 

 

  

Figure 35 - Ti-30Ta a) coating chip and b) counterbody debris 

a) b) 
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From the analysis of the worn surfaces and the released debris, one can clearly state that the 

dominant wear mechanism is oxidative wear. This mechanism occurs in a moderate regime for low 

loads.  During contact the formation of surface oxide films occurs, likely oxides of titanium, tantalum and 

even iron. Some adhesion is also observed, with material transfer between the coating and the counter 

body. During the test, the oxide film is continuously fractured into small particles that become free to roll 

and indent the surfaces of both the alloy and the counterbody, as oxides are harder than both materials 

in contact. These generate abrasion on both materials with the formation of abrasion debris that can 

take the form of chips by a micro-cutting mechanism. The abrasion action is more pronounced in the 

lower hardness Ti-30Ta alloy, producing the deeper and more pronounced grooves observed in this 

material. This explains the higher wear coefficient of the alloy. 

 

 

4.5 Electrochemical Tests 
 

Open Circuit Potential 

 

The evolution of the open circuit potential (Ecorr) as function of time is shown on figure 37. 

 

Figure 37 - OCP for Ti-Ta alloys 

 

Ecorr is a measure of the tendency of an alloy to participate in electrochemical corrosion reactions 

with the surrounding medium (Hank’s solution). The increase of Ecorr towards nobler (more positive) 

potentials suggests the formation and thickening of a protective oxide film on the metallic surface. This 

is observed for all samples within the first 24 hours, with the OCP gradually stabilizing as it reaches a 

steady state condition.  
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Overall, the contribution of larger amounts of Ta as β-phase alloying element improves the 

electrochemical corrosion behaviour of Ti alloys, as verified for Ti-63Ta OCP being more positive than 

of Ti-30Ta, by 10mV.  

Ti-30Ta sample exhibits the most negative value of OCP at -164mV. After homogenization 

treatment, the same alloy reaches the highest Eoc, in the order of -100 mV, becoming the noblest of the 

alloys.  As for the HT Ti-63Ta, the Eoc somewhat decreased when compared to Ti-63Ta. This could be 

due to a number of reasons including: the nature of the metal-electrolyte interface, inferior condition of 

the metal surface (pores, undissolved tantalum particles, cracks) and/or shifts in temperature and 

oxygen content of the electrolyte. Nevertheless, a more quantitative test is necessary for a complete 

analysis. 
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Electrochemical Impedance Spectroscopy (EIS) 

 

After 60h in the open circuit, the alloys were submitted to electrochemical impedance spectroscopy tests 

in the same environment. The results are shown in Fig. 38 as Bode and Nyquist Plots. 

  

 

 

Figure 38 - Nyquist and Bode plots for all Ti-Ta samples 
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Within the studied frequency range, Nyquist plots didn’t provide enough information to be 

interpreted appropriately. Therefore, Bode spectra were drawn for different samples. 

High impedance modulus values in the order of 106 Ω cm2, and phase angles ranging from 75-

80º were obtained for all the samples at the respective Ecorr, at low and middle frequencies.  

At high frequencies (104-105) the Bode diagrams show constant values of |Z| and phase angles 

dropping to zero, indicating the impedance characteristics of the system at those frequencies are 

determined by the electrolyte’s resistance. Even so, a linear variation between the electrode impedance 

|Z| and frequency was observed in a broad frequency range (10-2 - 103), with a slope close to 0.9, 

consistent with the behaviour of a near ideal dielectric. It can be commented that at least two time 

constants influence the shape of the phase angle plots. 

On the whole, the results display a typical capacitive behaviour, indicating good insulating and 

protective properties of the titanium oxide barrier film, prior and after heat treatment. Similar values have 

been reported by other authors for Ti-30 and Ti-50Ta [65], as well as other β-type Ti-alloys (Ti-Zr-Nb, 

Ti-Nb, Ti-Mo, Ti-Nb-Mo, Ti-Al-Nb) [17,54,78-79], suggesting high corrosion resistance in simulated 

biological environment, at body temperature. 

Impedance data was then fitted on ZView software using an electrical circuit based on the Point 

Defect Model (PDM). This model was first introduced by Macdonald [80-81] and has been used to 

describe the growth and breakdown of thin passive films on different metals, when in contact with 

aqueous solutions [82-84]. 

It assumes that charge transfer across a passive film occurs via the movement of microscopic 

point defects (ex: Schottky defects and cationic/anionic vacancies), in the absence of any redox 

processes occurring at the film/solution interface. Thus, cation vacancies created at the film/solution 

interface can migrate to the metal/film interface, and oxygen vacancies in the reverse direction. Both 

are under the influence of a concentration gradient and an electrical potential gradient [68]. This theory 

may successfully explain the formation of pits due to the condensation of vacancies at the metal oxide 

interface, leading to local film detachment (Figure 39). 

 

 

Figure 39 - Schematic display of pit formation according to the PDM [69] 
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The quality of the fitting to the proposed circuit was evaluated through the chi-square function. 

 

 

 

 

 

 

 

 

The components of the equivalent circuit of figure 40 are as follows: 

- Rs represents the resistance of the solution 

- Rm/f denotes the resistance of the faradaic processes occurring at the metal/oxide film interface 

- CPEpf (constant phase element) represents the non-ideal capacitance for the film  

- Wo1 is the Warburg element that models the effects of diffusion and concentration gradients at 

the films interface 

  

The constant phase element (CPE) has been used by several investigators [21,79] to describe 

the behaviour of titanium oxide passive films. It assumes that the barrier film never displays a true 

capacitive behaviour, i.e., a theoretical phase shift of -90º and a slope of -1 in the Bode plot (ideal 

dielectric). 

 

The impedance of the CPE is given by: 

ZCPE=
1

(𝑗𝜔)𝑛𝑌𝑜
 

where Yo is the CPE admittance, j the imaginary number (𝑗2=-1), 𝜔 the angular frequency and n is a 

dimensionless number representing the deviation from the ideal capacitive behaviour. n varies between 

-1 and 1. For n=-1 it corresponds to a pure inductor, for n=0 to a pure resistor and, as already mentioned, 

for n=1 it corresponds to a pure capacitor, whereas other values are mostly influenced by the surface 

and its heterogeneity. 

The inclusion of the Warburg element is necessary to accurately model the movement of charge 

carriers across the passive film, at low frequencies. Equation 16 defines the Warburg impedance as:  

𝑍 = 𝜎 𝜔−1/2(1 − 𝑗)tanh (𝛿(
𝑗𝜔

𝐷
 )1/2) 

 

where σ is the Warburg coefficient, ω the angular frequency, j the imaginary number, δ the diffusion 

layer thickness and D the average diffusion coefficient of the diffusing species. 

The fitting algorithm used in ZView software uses an alternative definition for the Warburg impedance 

in the form of: 

𝑍 = 𝑅
 𝑐𝑡𝑛ℎ (𝜔𝑗𝑇)1/2

(𝜔𝑗𝑇)1/2
 

 

Figure 40 - Equivalent circuit used to fit impedance data 

Rs CPEpf

Rm/f Wo1

Element Freedom Value Error Error %

Rs Free(+) 13,62 0,13316 0,97768

CPEpf-T Free(+) 8,057E-06 1,8788E-07 2,3319

CPEpf-P Free(+) 0,84219 0,0026649 0,31643

Rm/f Free(+) 22,91 454,15 1982,3

Wo1-R Free(+) 19614 2539,7 12,948

Wo1-T Free(+) 0,039424 0,0044935 11,398

Wo1-P Free(+) 0,43732 0,0058475 1,3371

Chi-Squared: 0,00041686

Weighted Sum of Squares: 0,034599

Data File: C:\Users\Bruno\OneDrive - Universidade d

e Lisboa\Faculdade\Tese\impedância e cor

rosao\dados ensaios corrosão\finais\HT T

i-30Ta.DTA

Circuit Model File: C:\Users\Bruno\OneDrive - Universidade d

e Lisboa\Faculdade\Tese\impedância e cor

rosao\dados ensaios corrosão\Bruno Macha

do\PDM.mdl

Mode: Run Fitting / Selected Points (4 - 48)

Maximum Iterations: 1000

Optimization Iterations: 500

Type of Fitting: Complex

Type of Weighting: Calc-Modulus
(16), 

(15), 

(17), 
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where R=σ  and T= 𝛿2 𝐷⁄ . 

Even though this electric element is normally used to describe concepts of transport of mass 

and charge flux in solutions, based on Macdonald’s deductions [66] and the PDM, the impedance 

behaviour of an oxide film is equivalent to a Warburg element.  

 

The equivalent circuit parameters obtained from the EIS data are shown in Table 14. 

 

 

Table 14 - Electrical parameters of the equivalent circuit fitting for Ti-Ta samples 

 

The chi-square values attained for all fitting procedures at 10-4, point to an excellent agreement 

between the experimental and simulated values. 

From the fitting results, the values of capacitance for the porous film (CPEpf) are within the 

same order of magnitude for all samples. There is a slight decrease in CPEpf-T with heat treatment at 

1000ºC for HT Ti-30Ta. According to equation 17, the capacitance values depend on the thickness (d): 

where () is the dielectric constant of the oxide film, (o = 8.85x10−12 F/m) is the vacuum permittivity and 

(A) the electrode surface area. Thus, since the remaining parameters were kept constant, this evolution 

can only be justified by a thickening of the oxide layer with heat treatment. Even so, this evolution is not 

significative considering the heat treatment lasted for 1h30min. 

The same evolution was not observed for HT Ti-63Ta alloy. Its Wo1-T parameter displays a 

value about one order of magnitude below the remaining samples, and the smallest Wo1-R. These shifts 

can be attributed to the heterogeneity of the coating with varying tantalum contents throughout, probably 

caused from intermittencies in powder feed during laser deposition. Such variations can change the 

diffusion coefficient of the vacancies and thus affect Wo1-T and Wo1-R. This corroborates the lower 

corrosion resistance observed in the OCP and anodic polarization tests when compared to the other 

alloys. Nonetheless, the high values of Wo1-R obtained for all samples are indicative of a stable 

protective oxide layer with high corrosion resistance. 

Rs values for all samples are also in good agreement between themselves. The slight 

differences in the solution resistance can be explained with the positioning of the reference electrode 

and shifts in its distance to the surface of the material. 

 

 

 
Rs 

[Ωcm2] 

CPEpf-T 

[-1 sn cm-2] 
CPEpf-P 

Rm/f 
[Ωcm2] 

Wo1-R 
[Ω] 

Wo1-T 
[s] 

Wo1-P 𝝌𝟐 

Ti-30Ta 19,6 12,0E-06 0,857 25,89 19614 0,0536 0,464 5,32x10-4 

HT Ti-30Ta 13,62 8,06E-06 0,842 22,91 8713 0,0394 0,437 4,20x10-4 

Ti-63Ta 7,652 6,62E-06 0,823 0,68501 4559 0,0369 0,421 1,17x10-4 

HT Ti-63Ta 18,81 11,2E-06 0,954 278,5 2056 0,0079 0,398 4,50x10-4 

𝐶 =
휀휀𝑜𝐴

𝑑
 (17), 
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Anodic Polarization Curves 

 

The anodic polarization tests (Fig. 41) were conducted after the EIS tests, with the samples 

being held for sufficient time in Hank’s solution to gain a stable OCP.  

 

 

 

Figure 41 - Anodic Polarization Curves for all Ti-Ta samples 

 

All alloys tested in this study displayed a similar behaviour with a well-defined passivation 

region. The values for the passivation current densities at 1V are shown on table 15. 

 

 

Table 15 - Passivation current densities (ip) and potential (Ep) for Ti-Ta alloys in Hank’s solution 

Alloy Epass (V) ipass (μAcm-2) 

Ti-30Ta 

1 

0,443 

Ti-63Ta 0,483 

HT Ti-30Ta 0,397 

HT Ti-63Ta 0,409 

 

At potentials higher than 0.75 V, the current density begins to increase, which is characteristic 

of a thickening of the passive oxide layer on the surface of valve metal alloys. It is also worth of notice 

that the heat treated samples display lower passivation current densities when compared to their 
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untreated counterparts. As such, one can infer they are slightly more resistant to corrosion after heat 

treatment. 

The passive current density results obtained are in excellent agreement with Mareci et al. [65] 

for Ti-Ta alloys tested in artificial and acidified saliva, and those reported in HBSS [2,20]. All of them 

described a distinct passivation region on the anodic polarization curves and stated that the corrosion 

resistance of Ti-Ta alloys is better or similar to those in current use as biomaterials. 

 

 

Surface Oxide Characterization 

 

Observation by SEM (Fig. 42) after anodic polarization tests reveal an almost unharmed surface 

for all samples, with no pitting or evident corrosion defects, except for the presence of some polishing 

scratches. This amounts to an outstanding corrosion resistance of the titanium-tantalum alloys under 

study. 

  

Figure 42 – Surface of Ti-30Ta alloy after corrosion test 

 

 

 

Figure 43 - Elemental analysis of the Ti-30Ta coating using EDS 
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Chemical analysis of the corroded surface by EDS (Fig. 43) reveals the presence of Ti, Ta and 

O, making it likely that the surface is constituted by oxides of these elements. In fact, other authors have 

reported the presence of stable Ta2O5 and TiO2 oxide films on the surface of Ti-Ta alloys [45,86]. Thus, 

it is probable that the same oxides are present.  

Considering the materials were initially processed by laser at temperatures above 3000ºC, and 

later at 1000ºC, one could expect that one of the oxides formed at the surface is rutile [70]. Chlorine 

traces originating from the electrolyte’s solution were also identified.  

XRD measurements carried out in all corroded samples were deemed unsuccessful in 

identifying the oxide formed at the surface. This is probably due to the thickness of the oxide film, being 

so thin that falls below the detection limit of the equipment.  

 

  



56 
 

5. CONCLUSIONS  
 

The characterization and property tests carried out in this work, confirmed that the structure and 

properties of Ti-30Ta and Ti-63Ta alloys are optimized for medical use as orthopaedic implant materials. 

While both compositions under study met the necessary requirements, the results confirmed the 

superior potential of Ti-63Ta alloy for use in load-bearing applications. 

 

Regarding the experimental work, the conclusions of the individual characterization and 

property tests are as follows: 

 

Structural characterization 

• Phase analysis reveals the Ti-30Ta alloy is constituted by hexagonal α’ and Ti-63Ta by 

combination of orthorhombic α’’ and untransformed β phase. A fine acicular α' martensitic 

structure was observed for Ti-30Ta, while Ti-63Ta displayed orthorhombic α” needles arranged 

in a basket-weave pattern inside β or prior β grains.  

• After HT no changes in the diffractograms were observed, despite clear confirmation of the 

presence of α phase from the microstructural studies. α precipitates formed throughout the 

microstructure of the HT Ti-30Ta alloy. These precipitates were also present at the grain 

boundaries and inside β grains of HT Ti-63Ta alloy. 

 

Heat Treatment 

• HT was effective in removing the segregation pattern and solving the composition variations 

after laser deposition.  

• The diffusion model based on the solution to Fick’s second law was employed successfully to 

predict the homogenization heat treatment conditions. 

• The phase separation observed in this work can explained by a miscibility gap in the bcc region. 

 

Hardness and Young’s Modulus measurements 

• Increasing additions of tantalum increase the hardness by solid solution strengthening, as 

verified by the superior hardness of Ti-63Ta, when compared to Ti-30Ta alloy. 

• Increasing additions of tantalum, combined with fast cooling rates further promote the formation 

of β phase, bringing the Young’s modulus value closer to that of bone. 

 

Wear testing 

• The dominant wear mechanism for Ti-Ta alloys under dry-sliding tests is oxidative wear. This 

mechanism occurs in a moderate regime for low loads, with the formation of surface oxide films, 

constituted by titanium, tantalum and iron. 

• Some adhesion effects were observed, with material transfer between the coating and the 

counter body. 

• Increased wear resistance is observed for the Ti-63Ta, owing to its higher hardness 
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Corrosion testing 

• The OCP, EIS and anodic polarization tests reveal that all alloys form a stable protective oxide 

layer with enhanced corrosion resistance in Hank’s solution, at body temperature.  

• The PDM based electrical equivalent circuit provided an excellent fitting of the experimental 

data, and a successful characterization of the electrochemical behaviour of Ti-Ta alloys under 

physiological conditions. 

• Heat treatment increased the corrosion resistance for Ti-30Ta alloy, owing to the increase in 

thickness of the surface oxide layer, promoted at high temperatures for 1h30min. 

• The existing segregation pattern (prior to HT) does not compromise the corrosion resistance of 

the alloy after long term immersion in simulated biological environment.  Nor do the phase 

transformation products formed during HT (allotriomorph α). 
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6. FUTURE WORK 
 

Laser cladding proved to be an efficient and competitive technique in the production of novel Ti-

Ta alloys for biomedical applications.  

Among the studied compositions, additions of tantalum near 60%wt reveal the most potential to 

be used as orthopaedic implant materials. Thus, further validation and characterization tests should be 

carried out in this composition range. Given the success of laser deposition in high temperature 

processing of titanium and its alloys, it would also be interesting to study the influence of additions of 

other β-phase stabilizing elements like niobium, zirconium or molybdenum, and its effects on the 

properties of Ti-Ta alloys.  

A more detailed, macroscopic mechanical characterization of Ti-Ta alloys is also in order. This 

could be achieved by production of specimens of larger volumes that would be tested in both static 

(tensile, compression, bending and torsion) and dynamic conditions (fatigue).  

In what concerns wear and corrosion tests, a more thorough assessment of the tribocorrosion 

properties and wear/corrosion mechanisms is necessary in different test conditions, including simulated 

biological environment. Finally, biological characterization to evaluate biocompatibility, by means of 

cytotoxicity and cell proliferation tests.  

Only with a profound knowledge and collaboration of interdisciplinary fields like material science, 

biomechanics, tissue engineering and medicine will it be possible to move on to in vivo tests.  These 

would all be subjected to rigorous conformity assessments. 
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8. APPENDIX 
 

 

 

Interdiffusion coefficients for the Ti-Ta system [57] 

 

 

 


