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ABSTRACT 

On this work, a novel manufacturing route for processing parts of a 

biocompatible alloy is studied. Therefore, a biocompatible Ti-35Nb-7Zr-5Ta 

(wt%) alloy was processed by selective laser melting (SLM). The main SLM 

processing parameters were defined for the alloy, expanding the mix of 

materials to be manufactured by SLM. Considering that it is a relatively new 

alloy composition when it comes to SLM, some samples were also produced by 

Cu-mould suction casting for comparison. The powder properties were 

analyzed, the single tracks approach was used, and the best set of parameters 

were determined to produce bulk samples with relative density of 99.0%. 

Microstructural features of parts of the TNZT alloy produced by SLM were 

investigated and a fine columnar-dendritic solidification structure is observed in 

the as-built samples, whereas an equiaxed dendritic structure was seen in the 

as-cast samples. A β-Ti single phase structure was identified in the SLM 

samples, while a β-Ti matrix and α” martensitic laths were observed in the 

suction-cast samples. The EBSD analysis of the as-built samples shown 

columnar grains growing epitaxially through several layers, with preferential 

direction of grain growth, opposed to randomly oriented grains observed in the 

as-cast samples. The as-built samples presented slightly lower mechanical 

strength, as a result of the grain structure in the samples produced by SLM. The 

formation of crystallographic texture was assessed by building cylinders by SLM 

with different orientation and distinct grain structure and crystallographic 

textures were developed. Then, some prototypes were manufactured, proving 

the feasibility of manufacturing parts of a biocompatible alloy with complex 

geometry by SLM. Finally, an attempt to maximize the pseudoelastic properties 

of the Ti-35Nb-7Zr-5Ta (wt%) alloy is performed and an innovative approach is 

proposed to obtain an oligocrystalline structure, combining additive 

manufacturing with a simple isothermal heat treatment.  

Keywords: Additive manufacturing; selective laser melting; Ti alloys; 

biocompatible alloy; pseudoelasticity; oligocrystalline structure. 
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RESUMO 

FUSÃO SELETIVA A LASER DE UMA LIGA Ti-35Nb-7Zr-5Ta BIOCOMPATÍVEL 

Neste trabalho, estudou-se uma nova rota de fabricação de peças de 

uma liga biocompatível. Assim, uma liga Ti-35Nb-7Zr-5Ta (% em peso) 

biocompatível foi processada por fusão seletiva a laser (FSL). Os principais 

parâmetros de FSL foram determinados para a liga, expandindo o portifólio de 

materiais fabricados por FSL. Considerando que a composição da liga 

estudada era relativamente nova quando se trata de FSL, algumas amostras 

foram produzidas por fundição em coquilha de cobre. As propriedades do pó da 

liga foram analisadas e trilhas simples foram depositadas de forma a definir o 

melhor conjunto de parâmetros para produzir amostras compactas com 

densidade relativa de 99,0%. As características microestruturais das amostras 

da liga TNZT produzidas por FSL foram investigadas, e observou-se uma 

estrutura de solidificação colunar-dendrítica, enquanto nas amostras fundidas 

se obteve uma estrutura dendrítica de grãos equiaxiais. Uma estrutura 

monofásica Ti-β foi identificada nas amostras de FSL, enquanto que uma 

matriz de Ti-β com ripas de martensita α” foi observada nas amostras de 

fundição. A análise EBSD das amostras construídas por FSL mostrou grãos 

colunares crescendo epitaxialmente através de várias camadas, com direção 

preferencial do crescimento de grãos, diferentemente da estrutura de grãos 

sem orientação preferencial observada nas amostras de fundição. As amostras 

de FSL apresentaram resistência mecânica ligeiramente inferior do que as 

amostras fundidas em coquilha, relacionado a estrutura de grãos nas amostras 

produzidas por FSL. A formação de textura cristalográfica foi avaliada por meio 

da construção de cilindros por FSL com diferentes orientações, resultando em 

estruturas distintas de grãos e texturas cristalográficas. Em seguida, alguns 

protótipos foram fabricados, comprovando a viabilidade de fabricar peças de 

uma liga biocompatível com geometria complexa pelo FSL. Finalmente, foi 

proposta uma alternativa para maximizar as propriedades pseudoelásticas da 

liga Ti-35Nb-7Zr-5Ta (% em peso), e uma abordagem inovadora é proposta 

com a formação de uma estrutura oligocristalina, combinando manufatura 

aditiva a um tratamento térmico isotérmico simples. 
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1 INTRODUCTION 

Additive manufacturing is defined by ISO/ASTM 52900:2015 as a 

“process of joining materials to make parts from 3D model data, usually layer 

upon layer, as opposed to subtractive manufacturing methodologies” [1]. The 

processes of additive manufacturing (AM) of metals have been drawing 

considerable attention due to the great flexibility of manufacturing parts and 

components with complex geometry, tight control of the microstructure, shorter 

lead time (time between development and manufacture of a product) and less 

usage of raw material [2-7]. The primary focus of AM is customization of low 

volume, high value-added products that may be manufactured quickly [8, 9]. 

The technology has been adopted as a processing route in aerospace, 

biomedical, automotive and robotic industries, with an expectation of expressive 

growth at a rate of 18% per year until 2025 [4]. It allows near net-shape 

production, without the need of expensive moulds and dies, a high material 

utilization rate, direct production based on a CAD model, and a high level of 

flexibility (e.g. parts with different geometry can be produced in the same batch) 

[4, 10]. 

The most popular denomination for additive manufacturing is the term 

"3D printing", relating to the construction of objects by consecutive deposition of 

two-dimensional layers "printed" on top of each other. Each layer is a section of 

a three-dimensional CAD (Computer Aided Design) model of a component [4, 

5]. The most known metal additive manufacturing processes are electron-beam 

melting, laser-powder bed fusion, also known as selective laser melting, and 

direct energy deposition [2-7]. Selective laser melting (SLM) is an additive 

manufacturing technique and uses a laser beam to melt successive layers of 

metallic powder and consolidate the 3D part [2-4, 7, 11]. 

Metallic materials employed on medical and dental fields are especially 

suitable to be produced by SLM due to their complex geometry, individualization 

and high-aggregate value [12, 13]. Another important feature is the possibility to 

manufacture multiple individual parts in one batch, enabling mass customization 

[14]. Metallic materials are used as structural parts for medical devices in the 

fields of orthopedic surgery, blood circulatory system and dentistry [15, 16]. 
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Approximately 70% of the structural implants are made of metallic materials 

[16]. The main metals applied as biomaterials are stainless steel, Co-Cr alloys, 

Ti and Ti-alloys [17, 18]. Ti and Ti-based alloys are widely used as biomedical 

materials since they have interesting properties as high strength-to-density 

ratio, low stiffness, good fatigue resistance, biocompatibility, and high corrosion 

resistance as the passivation film can be formed easily on the surface [15, 19]. 

Figure 1.1 shows examples of metallic implants produced by additive 

manufacturing. 

 

 

Figure 1.1. Metallic implants produced by additive manufacturing: a) hip 

joint and b) as-built acetabular cup [12]. 

 

The Ti-6Al-4V alloy (wt%), developed for aerospace applications, was the 

first Ti-based alloy applied in implants [18]. However, studies have shown toxic 

effects of Al e V, associated with a reasonably high Young’s modulus of the 

alloy (103-120 GPa) when compared to the bone (10-30 GPa). The mismatch of 

Young’s modulus between natural bone and bulk metallic biomaterial is a major 

problem for titanium implants in orthopedic surgery, which may lead to 

insufficient load of bone and cause stress shielding. Then, stress shielding will 

result in the fracture of bone and eventual loosening of the implants [15, 16]. 

This fact has drawn the attention for research of new alloys presenting lower 

Young’s modulus and absent of toxic elements. Some studies have shown the 

elements Ti, Nb, Zr and Ta as atoxic, without causing allergic reactions on living 
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organisms. Therefore, those elements emerge as alternative for the more 

conventionally used Ti-6Al-4V alloy [15, 20-22]. 

β-Ti alloys are considered the most versatile among Ti alloys, offering 

good combination of mechanical strength and ductility, besides low Young’s 

modulus [23, 24]. The low Young’s modulus, for instance, allows the 

development of implants with higher biomechanical compatibility with cortical 

bones (Figure 1.2), which has resulted in great interest on research and 

development of β-Ti alloys for biomedical applications [17, 18, 20, 25]. 

 

 

Figure 1.2. Young’s modulus of metallic alloys applied on implants, compared to 

cortical bone [20]. 

 

The biocompatible β-Ti metastable alloys of the Ti-Nb system have been 

given especial attention for biomedical applications. In fact, these alloys present 

the lowest Young’s modulus among Ti alloys [26-28]. In addition, Ti-Nb-based 

alloys show shape memory effect and pseudoelasticity due to a thermoelastic 

martensitic transformation (α”, orthorhombic structure), although these effects 
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are reportedly less pronounced than the observed in Ni-Ti-based alloys [15, 16, 

25]. 

A promising Ti-Nb-based alloy for orthopedic protheses and biomedical 

applications, and subject of the present work, is the quaternary Ti-35Nb-7Zr-

5Ta (wt%) alloy, commercially known as TiOSteum®, TNZT or Ti-35-7-5 

(Unified Numbering System R58350). The TNZT alloy was developed in the 

2000’s for biomedical application, presents beta phase stable at room 

temperature, pseudoelasticity and Young’s modulus of 50-70 GPa [26-31]. 

Nonetheless, the limited availability of some materials in powder form 

and the extensive research that is still needed to optimize the process for a 

given material restrict the material range that can currently be processed by 

SLM [9, 11]. The manufacturing of metal products by selective laser melting is 

only in its early stages, with few materials being processed. More specifically, 

Co-Cr alloys, stainless steel, tool steels, titanium and its alloys (especially Ti-

6Al-4V alloy) and Al-casting alloys may be commercially produced by SLM [2-

11]. Therefore, on this work a beta Ti-35Nb-7Zr-5Ta (wt%) biocompatible alloy 

was processed by selective laser melting. The parameters are optimized, in 

order to obtain bulk samples with relative density ≥ 99.0% and expand the mix 

of materials to be processed by SLM for biomedical applications. Considering 

that it is a relatively new alloy composition when it comes to SLM, some 

samples are also produced by Cu-mould suction casting for comparison. 

A deep understanding of feedstock materials, processes, structures and 

properties are necessary to produce defect-free additive manufactured parts. 

The AM of metals has its foundation based in metal powder technology, high-

energy beam welding, cladding and prototyping. However, significant research 

is still required for studies of microstructure formation and resulted mechanical 

properties of additive manufactured parts, relating to the different processing 

conditions [4]. Accordingly, the present work deals with microstructural features 

of parts of Ti-35Nb-7Zr-5Ta (wt%) alloy produced by selective laser melting, 

correlating mechanical properties with metallurgical aspects. 

One of the drawbacks of Ti-Nb-based alloys is the low recoverable strain 

when compared to the Ni-Ti system, which limits the scalability of Ti-Nb alloys in 
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biomedical applications when pseudolelasticy is required (e.g. stents). Recent 

studies have reported an alternative method to improve pseudoelasticity of Cu-

based shape-memory alloys. An oligocrystalline structure is formed (oligo – few; 

crystalline – crystals), also known as bamboo structure (Figure 1.3), resulting in 

recoverable strain and pseudoelasticity comparable to those observed in single 

crystals of Cu-based alloys [32, 33]. 

 

 

Figure 1.3 Optical micrograph of a Cu-Zn-Al microwire longitudinal cross 

section, with bamboo-like structure of grains [34]. 

 

The method to obtain such oligocrystalline structure is the Taylor wire 

casting technique, in which microwires are produced directly from the melt, 

resulting in filaments with ≤ 150 µm of diameter [34]. Although the Taylor 

method has its advantages compared to wire drawing, it is limited to alloys with 

lower melting point and specifically designed to produce wires on micro scale 

[35]. On this sense, an attempt to maximize the pseudoelastic properties of 

the Ti-35Nb-7Zr-5Ta (wt%) alloy is performed, by forming oligocrystalline 

structure in thin-walled samples produced by selective laser melting. The aim is 

to explore new perspectives of widening the applicability of the Ti-Nb-based 

alloy when pseudoelasticity is required, by tailoring the microstructure with 

selective laser melting, while the metallurgical aspects and processing 

conditions are assessed. 

 

1.1 Aims and Objectives 

The general objective of this Doctoral Thesis is the development of a 

novel manufacturing route for processing parts of a biocompatible Ti-35Nb-7Zr-

5Ta (wt%) alloy by means of additive manufacturing. Therefore, selective laser 
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melting is studied, and the main processing parameters are optimized for the 

TNZT alloy, expanding the palette of materials to be processed by SLM. 

Microstructural features and resulted mechanical properties are investigated 

and new perspectives of tailoring the microstructure of the Ti-Nb-based alloy 

are explored. 

 The specific objectives of this Thesis are: 

• To analyze the feasibility of the Ti-35Nb-7Zr-5Ta (wt%) powder to be 

used in the selective laser melting process; 

• To attest the processability of the TNZT alloy by selective laser melting 

and identify the optimum parameters to manufacture bulk samples; 

• To study the processing-microstructure-properties correlation when 

producing samples of TNZT by SLM and compare to a more conventional 

Cu-mould suction casting technique; 

• To investigate grain structure formation in selective laser melting and 

after post-processing heat-treatment; 

• To investigate oligocrystaline structure formation in selective laser melted 

thin-walled samples.  
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2 LITERATURE REVIEW 

2.1 Additive Manufacturing of Metals 

Additive manufacturing of metals (AM), also widely known as metal 3D 

printing, is a method to manufacture parts in a layer-by-layer manner. The 

technologies behind the AM processes evolved expressively in the past 30 

years, especially focused on the science of metal additive manufacturing, with 

new machines and materials developed [4, 10, 11, 36]. Additive manufactured 

parts are made by adding material in layers and each layer is a cross-section of 

the part based on the CAD model [10]. It involves several steps from the design 

to the resultant part (Figure 2.1), by consolidating feedstock material into solid 

3D structure, either fully dense or with certain level of porosity depending on the 

desired application [10, 37]. 

 

Figure 2.1. Sequence of steps in additive manufacturing: from the CAD model 

to the final part [12]. 

 

The production of complex or customized parts directly from the design 

without the need for expensive tooling, dies or casting moulds, and eliminating 

many conventional processing steps are the biggest advantages of additive 

manufacturing. Intricate parts may be manufactured in one-step without the 



8 

 

limitations of conventional processing methods (e.g. straight cuts, round holes 

in machining operations) or commercial shapes (e.g. sheet, tubing) [10, 37]. A 

significant reduction in the part count may be realized by eliminating or reducing 

the need to assemble multiple components. In addition, parts may be 

manufactured on demand, reducing the inventory of spares and decreasing 

lead time for critical or obsolete replacement components [11, 38]. On the other 

hand, limited build volumes, slow deposition rates, high feedstock and machine 

costs limit the current use of the technology. Therefore, the complexity of part 

geometry is the critical factor which defines whether AM is an economically 

viable production pathway [2, 4]. 

The metal AM processes must consolidate feedstock as powder, sheets 

or wire into a dense part, which may occur by sintering, melting or solid-state 

joining. Therefore, metal AM processes are categorized in four main classes, 

with its unique applications, strengths and challenges: Powder bed fusion 

(PBF), which includes selective laser melting (SLM) and electron beam melting 

(EBM); Direct energy deposition (DED), with laser- and electron beam-based 

processes; Binder jetting, including infiltration and consolidation processes; 

Sheet lamination, which is basically ultrasonic additive manufacturing (UAM) [2]. 

On the present work, the denomination selective laser melting (SLM) will be 

used to describe the powder-bed fusion process with laser as energy source.  

 

2.2 Selective Laser Melting 

2.2.1 Working principle 

Selective laser melting (SLM) means a selective interaction of a laser 

beam melting successive layers of metallic powder and consolidating the part, 

resulting in non-equilibrium microstructures normally seen in rapid solidification 

processes [2-4, 7]. Due to the additive and layer-wise production, the SLM 

process may produce geometrical features that are not possible by using 

conventional production routes [2]. The process is associated to fully melting 

the powder in a protective atmosphere (Ar or N2), producing parts with density ≥ 

99% [3, 4]. Another important feature of SLM is the resolution: The powder layer 
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thickness is in the range of 10-50 μm and the thinnest possible dimension is 75-

100 μm, with the possibility to manufacture thin-walled structures [14]. 

The process requires the basic steps: model design, machine set-up, 

operation, powder recovery, and base plate removal. The building process 

starts with laying a thin layer of metal powder with a recoater (also known as 

roller or scraper) on a substrate plate in a building chamber (Figure 2.2) [38, 

39].  

 

Figure 2.2. Illustration of a selective laser melting system [38]. 

 

After spreading the powder on the substrate, a high energy density laser 

beam is used to selectively melt the part geometry according to the CAD model. 

The laser beam sources predominantly used in selective laser melting are solid 

fiber lasers in continuous wave mode, with wavelength of 1060 nm - 1080 nm in 

the near infrared. The laser and scanner are basically an optical system with a 

set of lenses and a scanning mirror (galvanometer) [7]. After melting a layer, the 

building plate is lowered vertically by means of a lifting platform at a distance 

corresponding to a pre-defined layer thickness. A new layer of metallic powder 

is spread over the base plate with the recoater, keeping the laser focal distance 
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constant. The laser then melts one more cross section of the model. The 

process repeats until the part is formed with the desired dimensions and 

hundreds or even thousands of layers of powder may be melted depending on 

the thickness of each layer and part geometry [2, 3, 39]. 

The main challenges faced in SLM are high temperature gradients and 

melt pool stability. Thermal gradients result in the build-up of thermal stresses 

and considerable levels of residual stress in the parts, which can lead to 

delamination and distortion [2, 4, 14]. Therefore, it is common to apply post-

processing stress relief heat treatment. Also, due to the superficial aspect of the 

pieces, finishing operations are frequently inevitable [3, 4]. The stability, 

dimensions and behavior of the melt pool is to a great extent decisive to 

porosity and surface roughness, in addition to the roughness created by the 

layer-wise building (i.e. the staircase effect). The presence of dissolved gases in 

the metallic powder, laser opacity in relation to the surface roughness of the 

material and the rapid melting of the powder layers at room temperature may 

also lead to porosity formation in the components manufactured by selective 

laser melting [14]. 

Hence, it is important to understand the relationship between processing 

parameters and the solidification and metallurgical mechanisms when 

processing a metallic material by selective laser melting [39]. The main 

parameters of the SLM process are laser power, diameter of the laser beam 

(spot size), scanning parameters (scanning speed, distance between tracks or 

hatching distance and scanning strategy), layer thickness, properties of the 

material (surface tension, thermal conductivity and solidification range), powder 

characteristics (flowability and packability), and atmosphere of the melting 

chamber [14]. It is known that the SLM processing parameters are material and 

device-specific, and have significant influence on the solidification, phase 

transformation and the resulting microstructures and mechanical properties of 

the parts [37, 40]. In addition, the densification is a fundamental property that 

influences internal integrity and mechanical properties of parts processed by 

selective laser melting [4].  Therefore, a brief description of the SLM main 

processing parameters is presented in the next section. 
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2.2.2 Parameters and optimization factors 

Selective laser melting requires powder characteristics which are 

important for ensuring reproducibility and repeatability. Metal powders used in 

SLM are assumed to be nominally spherical with narrow particle size 

distribution, in order to assure proper flowability and achieve homogeneous 

spreading of the powder, as well as good packing characteristics for the 

formation of a highly packed powder layer [41]. The main characteristics of the 

powder for SLM are particle size and shape, surface morphology, composition 

and internal porosity. These powder characteristics impact the bulk material 

properties of the fabricated component such as density and porosity [42, 43]. 

The nominal particle size distribution of powder used in SLM is 10–60 μm and it 

is generally accepted that spherical particles improve flowability and apparent 

density. Smooth particle surfaces are better than surfaces with satellites or 

other defects [42]. In addition, the initial powder composition is very important in 

determining the chemistry of final parts [2]. Porosity in the powder feedstock is 

another important feature of gas-atomized powder, since inert gas may be 

trapped in the particles during production. This entrapped gas is transferred to 

the part, due to rapid solidification, and results in powder-induced porosity in the 

fabricated material [11]. 

The main atomization techniques for producing powders suitable for 

selective laser melting are gas atomization (GA), rotary atomization (RA), 

plasma rotating electrode process (PREP), and plasma atomization (PA). Gas 

atomization is the main technique used to produce powder of Ti and Ti alloys for 

selective laser melting (Figure 2.3a) [44]. The risk of oxidation is reduced by 

using an inert gas, such as argon or nitrogen. The process has the ability to 

produce highly spherical powder particles with a narrow particle size distribution 

and smooth surface. The presence of satellites is commonly seen and is 

inherent to the process, and it is related to particles adherence to the surfaces 

of larger ones due to collisions during atomization (Figure 2.3b) [41, 44-46]. 

Another important variable in selective laser melting is the build chamber 

atmosphere. The build chamber atmosphere strongly affects chemistry, 



12 

 

processability and heat transfer of the part [2, 11]. Most metal powders tend to 

oxidize and collect moisture when exposed to air, especially at high 

temperatures. It is known that oxygen uptake and the formation of oxide layers 

are undesired effects as they influence the powder flow behavior, impact the 

melt pool and consequently change the bulk material composition and the 

mechanical properties of the parts [47]. 

 

 

Figure 2.3. Typical particle morphology and size of a Ti-6Al-4V powder [46] (a) 

and particle surface with 'satellite' (b) [45]. 

 

Furthermore, selective laser melting is a complex transformation process, 

which follows a process routine from a “line” to a “layer” to a “bulk” [4]. The 

process begins with a single line scanning, in which laser power, (Pl), and 

scanning speed, (vs), are the most important parameters. The overall quality of 

the tracks (uniformity and continuity) is assessed and the track width is related 

to the laser power/scanning speed combination used. After scanning multiple 

lines, a single layer is formed, which introduces another important parameter, 

hatching distance, (hs), defined as the distance between two adjacent tracks. In 

addition, a suitable layer thickness, (lz), needs to be selected, which is related to 

the size of the powder particles and part details [48] and, therefore, the layer-

by-layer consolidation yields a bulk component (Figure 2.4). Another important 

parameter is the scanning strategy used during processing, which is the path 

the laser follows to melt the part cross section in a layer [4, 38, 40]. 

a) b) 
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Figure 2.4. SLM process parameters: laser power, scanning speed, hatch 

spacing, and layer thickness [39]. 

 

The suitable processing window for a material is normally very narrow, 

making it difficult to optimize the processing conditions. The individual 

parameters Pl, vs, hs, and lz have great influence on densification of the part, 

besides also showing influence on each other [4]. In order to evaluate the 

combined effect of these parameters the volumetric energy input, Ev [J/mm³], is 

defined [39, 49]: 

, 

where Pl is the laser power (W), vs is the scanning speed (m/s), hs is the 

hatching distance (µm), and lz is the layer thickness (µm). 

The laser power is one of the most important parameters of SLM [50]. 

The relationship between laser power and scanning speed is material-

dependent and it is important for process parameter mapping as only certain 
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combinations will result in dense material [48]. In addition, the part density of a 

selective laser melted part is depended on the applied volumetric energy input. 

It is generally recognized that high energy densities are desirable to obtain fine 

microstructure and improved mechanical properties in the final parts. It is also 

known that too low energy input may result in unmelted material and thus 

reduced density by the formation of irregular-shaped voids, while too high 

energy input may lead to higher melt pool dynamics and reduced density 

originating from pores formed due to entrapped gas. Therefore, it is difficult to 

obtain a general set of optimum individual process parameters for all metal AM 

processes, and ‘one size fits all’ is not possible [7, 37].  

Hatching distance is another important parameter when producing bulk 

parts by selective laser melting [39]. A component fabricated by SLM is built 

layer by layer, which is exactly the overlapping resultant of neighboring tracks. 

To ensure a uniform in-layer fusion, two subsequent laser tracks must overlap, 

i.e., the melt pool width should be at least 1.5–1.6 times larger than the hatching 

distance (i.e., 50-60% of overlapping between adjacent tracks) [52], as poor 

hatching distance often results in porosity in built parts as adjacent melt lines do 

not melt together completely [39, 40, 52].  

An important limitation of the volumetric energy input equation is that it 

does not consider the scanning strategy, which is the path that the laser beam 

follows during selective melting [53]. The scanning strategy may have a similar 

impact on heat flow as the energy input, depending on how the strategy allows 

cooling between each layer [39, 53]. The scanning strategy for a given build 

may be adjusted by layer or by part. Unidirectional, bidirectional and island 

scanning strategies, normally rotated by an angle between each layer (cross-

hatching), are the most used scanning strategies in selective laser melting 

(Figure 2.5) [2-4, 53]. 
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Figure 2.5. Scheme of layer deposition in selective laser melting, with some 

examples of scanning strategies: A – unidirectional; B – bidirectional; C-F – 

alternating bidirectional, varying the angle between layers (cross-hatching); G – 

island or chessboard scanning strategy [3]. 

 

2.2.3 Solidification aspects of selective laser melting 

A wide range of non-equilibrium phenomena takes place in SLM [3, 7, 8, 

11-14, 39]. It is recognized that the properties of the parts depend basically on 

the laser beam-metallic powder interaction (Figure 2.6), which occurs in a short 

period of time, resulting in a fast melting-solidification cycle. The resultant heat 

transfer and fluid flow affect the size and shape of the melt pool, the cooling rate 

and phase transformations [3, 14].  

In the SLM process, radial thermal gradients between melt pool 

centerline and liquid-solid interface are in the order of 102-104 K/mm. Because 

of the rapid scanning of the laser beam the temperature contours are elongated 

behind the heat source and compressed in front of the beam (Figure 2.7a) [54]. 

Inside the melt pool, the temperature is highest near the heat source axis and 

lowest near the boundary of the pool. This non-uniform temperature results in a 

surface tension gradient inside the melt pool, which leads to a flow of molten 

metal [11]. Therefore, thermal gradients stimulate melt movement, leading to a 
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heat flux opposite to the thermal gradient due to a surface tension gradient on 

the top surface of the melt pool resulting from the spatial variation of 

temperature, an effect known as Marangoni [55, 56]. This effect may turn into a 

dominant convective mechanism in the melt pool and has a major effect on the 

temperature distribution in the liquid, heating and cooling rates, solidification 

pattern, and microstructure and properties of the build [57]. 

 

Figure 2.6. Laser beam-metallic powder interaction in selective laser melting [3]. 

 

Another important aspect is the peak temperature in the melt pool, which 

may be several hundred degrees higher than the liquidus temperature of the 

alloy. It is known that the substrate plate acts as a heat sink, especially in the 

first layers’ deposition and, therefore, heat transfer occurs by conduction. As the 

part is built, the conductive heat transfer through the substrate decreases 

progressively and the peak temperature for the upper layers increases.  Thus, 

heat transfer from the melt pool into the substrate becomes more difficult with 

increasing distance from the substrate, resulting in larger melt pool and higher 

peak temperatures in the upper layers (Figure 2.7b) [54]. This behavior may 

lead to a microstructural gradient, both in grain size and structure, between the 

bottom and top of a part along the building direction. Basically, the different 

thermal histories of different layers of the part may lead to variation of 
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microstructures along the height direction, as the conduction, convection, and 

radiation conditions change [4]. 

 

Figure 2.7. Temperature distribution simulation on a laser direct energy 

deposition process of a nickel Inconel 718 powder deposited on a substrate of 

same material, with laser power of 300 W and scanning speed of 15 mm/s, 

during the deposition of (a) 1st and (b) 10th layer. Laser beam scanning 

direction is along the positive x-axis [54]. 

 

Selective laser melting involves several mechanisms of phase 

transformations. From the solidification point of view, the process has 

similarities to high energy welding processes, due to the localized concentration 

of heat input, moving melt pool and high cooling rates involved [11, 14]. The 

layer-by-layer process deposits metal that has the same chemical composition 

as the previous layer. This eliminates the need for nucleation and allows growth 

to occur with no activation energy barrier: If the temperature drops below the 

liquidus, crystals grow epitaxially from the substrate [11, 58, 59]. 

Cooling rates in SLM are higher than 104 K/s, resulting in microstructures 

with fine grains and precipitates, enhanced chemical homogeneity and solid 

solubility, and possibly metastable phase formation [3]. The solidification takes 

place in a small localized volume and the resulting microstructure is affected by 

repetitive thermal cycles. The previous deposited layer is thermally affected by 

melting of subsequent layers, resulting in complex thermal cycles, which in turn 
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makes it difficult the accurate forecasting of the microstructure, especially for 

alloys with multiple possible phase transformations as Ti-based alloys [3, 14]. 

According to the solidification theory, once the solid phase nucleate, the 

stability of the solidification front determines the type of the resulting 

microstructure. For pure metals that have a single melting temperature, the 

stability is determined by the thermal gradient in the melt. Depending on the 

sign of the thermal gradient in the liquid phase, (GL), either a planar 

solidification front or an unstable solidification front may occur. Alloys, on the 

other hand, have a solidification range rather than a specific melting point, 

except alloys with solute content corresponding to an invariant reaction (e.g. 

eutectic alloys), which causes alloy elements to redistribute between solid and 

liquid. The solid/liquid interface morphology of an alloy is dependent on solute 

diffusion in the liquid phase, besides the thermal gradient in the liquid. Due to 

the absence of convective heat transfer and limited diffusion of solute in the 

liquid as the solid/liquid interface advances, there is a solute accumulation in 

front of the interface, resulting in a compositional gradient. This compositional 

gradient, in turn, leads to a gradient in the equilibrium liquidus temperature, 

(GC), an effect known as constitutional undercooling. On this way, even with 

positive thermal gradients, the constitutional undercooling may destabilize the 

planar solidification front, causing a cellular-dendritic solidification [58-63].  

The constitutional undercooling, planar solidification front instability and 

cellular or dendritic structure formation are based on the condition that the 

thermal gradient in the liquid phase, (GL), is lower than the gradient in the 

equilibrium liquidus temperature due to the compositional gradient, (GC) (Figure 

3.8). On this sense, the following evaluation may be performed:  

• The instability on the planar solidification front increases as the actual 

thermal gradient in the liquid in front of the interface, (GL), is reduced.  

• For a given thermal gradient (GL), a higher solidification rate, (R), and, 

therefore, higher compositional gradient in front of the interface, 

destabilizes the planar solidification front. 

Regarding the two mentioned parameters, the thermal gradient in the 

liquid GL has influence on the solidification front stability and it is material 
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dependent: it is higher for low conductive materials (e.g., Ti and its alloys). It is 

also dependent on the process, as it is known to be higher for high energy input 

processes such as laser or electron beam melting. The solidification rate, R, 

defined as the rate at which the solid/liquid interface moves, is directly related to 

the heat source speed (laser scanning speed, vs, in the case of SLM). It 

influences the solidification substructure scale (e.g., interdendritic spacing), the 

solute distribution and constitutional undercooling [61, 63]. The ratio between 

the thermal gradient in the liquid and the solidification rate, (GL/R), is the 

parameter which defines the morphology of the solidification microstructure of 

the alloys. Thus, the solidification microstructures may be planar, cellular, 

columnar dendritic or equiaxed dendritic, with decreasing GL/R values (Figure 

2.8) [11]. 

 

 

Figure 2.8. Effect of the constitutional undercooling on the solidification mode: 

(a) planar; (b) cellular; (c) columnar-dendritic; (d) equiaxed-dendritic. S, L and M 

mean solid, liquid and mushy zone, respectively [58]. 
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Another important relationship between thermal gradient and 

solidification rate is the cooling rate, ( ). The cooling rate has direct 

influence on the solidification microstructure scale. In casting processes, the 

cooling rate is in the range 10-2-102 K/s, while in rapid solidification process 

such as selective laser melting, the cooling rate is in the range of 104-107 K/s, 

depending on the processing parameters [3]. It is known that the scale of the 

solidification microstructures decreases with increasing cooling rate [11]. 

Despite the complexities of AM, the solidification structure is mainly 

determined by the parameters thermal gradient GL, solidification rate R, and 

cooling rate . Efforts to correlate the processing parameters with these key 

solidification parameters may efficiently promote the understanding of the 

relationship between process and structure. Plotting a solidification map, which 

relates morphology and scale of the solidification structure to the solidification 

(growth) rate and thermal (temperature) gradient, may indicate the resultant 

microstructure of the build (Figure 2.9) [11]. The most widely observed 

solidification microstructures in the AM components are cellular and columnar-

dendritic structures [11], and equiaxed grains are rare in polycrystalline 

materials processed by selective laser melting due to the high temperature 

gradient, which is on the order of 106 K/m [64-69]. However, equiaxed grains 

may still form depending on the constitutional undercooling near the 

solidification front [11, 70, 71] and heterogeneous nucleation on partially melted 

powders or second phase added particles [69].  
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Figure 2.9. Solidification map correlating the thermal gradient and solidification 

rate based on G/R e   parameters, with morphology and size of 

solidification microstructure [58]. 

 

2.2.4 Microstructure of selective laser melted parts 

Previous studies have reported results of solidification microstructure of 

parts manufactured by selective laser melting. In the case of the Ti-6Al-4V alloy 

(wt%), the microstructure shows columnar prior β grains that contain acicular 

martensite (Figure 2.10a). The melt pools were not visible in the micrographs of 

the Ti6Al4V samples. However, the melt pools were clearly observed in a 

sample of 316L stainless steel produced by SLM (Figure 2.10b) [36]. In some 

other systems, e.g. AlSi10Mg, 316L, 18Ni300 maraging steel, and Inconel 718 

the melt pool boundaries were identified in metallographic prepared samples of 

the building direction cross-section (Figure 2.10c-f) [36]. In a higher 

magnification view (insets), a cellular structure is observed for the alloys. For 

AlSi10Mg alloy (Figure 2.10c), the intercellular zone consists of an Al–Si 



22 

 

eutectic, but for all other materials, the contrast is provided by a small amount of 

microsegregation [73, 74]. The fine scale of the cellular structure is due to the 

high cooling rates during metal AM manufacturing, which can reach 106 K/s in 

SLM [69]. 

 

 

Figure 2.10. (a) The columnar microstructure in SLM of Ti6Al4V and (b) the 

visible melt pools in SLM of 316L in the building direction and side views of the 

cellular microstructure of SLM samples of (c) AlSi10Mg, (d) 316L stainless 

steel; (e) 18Ni300 maraging steel, and (f) Inconel 718. The insets are close-ups 

of the top view [36]. 

 

c) d) 

e) f) 
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The grain grows in selective laser melting during solidification from 

previously deposited layers, and ultimately determines the crystallographic 

texture of the structure through partial or complete melt-back of the previously 

formed underlying layer [67]. Columnar grains grow from the boundary of the 

melt pool towards the center. For polycrystalline materials, the grain growth 

direction is parallel to the maximum heat flow direction, which is normal to the 

solidifying surface of the melt pool [59, 75]. Figure 2.11 shows grain morphology 

and crystallographic texture of samples produced by SLM and EBM. 

 

 

Figure 2.11. Grain orientations closely aligned with the <001> building direction 

in samples made by SLM. (a) high-silicon steel (6.9%wt. Si) [78], (b) Inconel 

718 [79], (c) Ti-6Al-4V [68]. (d) Pole figures depicting reconstructed β <001> 

fiber texture for Ti-6Al-4V manufactured by electron beam melting (EBM) [68]. 

d) 
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Competitive growth occurs among dendrites with various crystallographic 

orientations in the polycrystalline materials [58, 59, 75]. Dendrites with easy-

growth directions aligned closely with the maximum heat flow direction at the 

solid/liquid interface achieve competitive growth during the solidification 

process. The growth direction and velocity of the solidification structure of the 

AM component are dependent on both crystallographic orientation and local 

heat flow direction [11]. The preferential growth direction for cubic crystals is the 

<100> direction, and <1010> for hexagonal crystals. The direction of grain 

growth may closely align with the <001> build direction, and it has been 

observed for several systems produced by SLM (Figure 2.11a-c) [68, 75-80]. 

Besides the solidification texture, microstructural banding is also commonly 

observed in samples produced by SLM. The former is normally seen as fiber 

texture of grains aligned with the building direction and originates from the fact 

that in bulk sections the grains grow up through many layers, which favors the 

development of a coarse grain structure (Figure 2.11d). The latter is also 

observed on the building direction of the part, but it is related to repetitive 

thermal cycles on consecutive layers [14]. 

 

2.3 Selective Laser Melting of Ti-based Alloys 

Antonysamy (2012) investigated the influence of processing parameters 

on additive-manufactured parts of Ti-6Al-4V (wt%) alloy [14]. The author 

produced samples by selective laser melting in an EOSINT M270, from Ti-6Al-

4V powder with particle diameter in the range 10 e 45 µm, on a base plate of 

same material. The parameters used were laser power of 170 W, scanning 

speed of 1.25 m/s, laser beam diameter of 200 µm, layer thickness of 30 µm, 

and hatching distance of 100 µm. From the obtained microstructure, it was 

observed prior β columnar grains formed by epitaxial growth (Figure 2.12a). The 

author also used a finite difference element method to simulate the melt pool 

and solidification conditions and the depth of the melt pool could be assessed 

(Figure 2.12b). The melt pool shape was obtained by the simulation, and a tear-
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drop melt pool was observed (Figure 2.12c), related to the high scanning speed 

and low thermal conductivity of the Ti-based alloy [14]. 

 

 

Figure 2.12. Melt pool in a Ti-6Al-4V sample manufacture by selective laser 

melting (a), with isotherms obtained by computational simulation (b). Melt pool 

shape in upper view (c) and along the centerline (d), with the liquidus (red) and 

β-transus temperature (orange) [14]. 

 

A solidification map was plotted, correlating the thermal gradient and 

solidification rate to the microstructure morphology (Figure 2.13). The calculated 

values of the solidification parameters were: GL = (0.67-2.35) x 104 K/cm; Rmax = 

1.25 m/s; cooling rate,  = (0.73-8.37) x 105 K/s; GL/Rmin = 8 x 106 K.s/m². The 

planar solidification front instability criterion was defined as GL/R < 5 x 109 

K.s/m2. According to the simulation, it was observed that the microstructure in 

the selective laser melting process resulted in an initially planar solidification 

structure, with a transition from columnar to equiaxial structure. The author also 

reported results obtained by electron back-scattered diffraction. The columnar 

grains presented preferential growth in the <001> direction, parallel to the 

a) 
b) 

c) 

d) 
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building direction, i.e., aligned with the deposition direction, but opposite to the 

heat-flux [14]. 

 

 

Figure 2.13. Solidification map for Ti-6Al-4V alloy, obtained by computational 

simulation, additive-manufactured by wire-arc additive manufacturing (WAAM), 

electron-beam selective melting (EBSM) and selective laser melting (SLM) [14]. 

 

Thijs et al. (2010) investigated the microstructure development of a Ti-

6Al-4V (wt%) alloy manufactured by selective laser melting and the influence of 

the process parameters. The powder was produced by plasma atomization, with 

a particle size of 5-50 µm (d50 = 34.4 µm). The parameters used were laser 

power of 42 W, scanning speed of 50, 100 e 200 mm/s, layer thickness of 30 

µm, and hatching distance of 50, 75 e 100 µm. Three scanning strategies were 

tested: unidirectional, bidirectional and cross-hatching, and samples with cuboid 

geometry (5 x 10 x 5 mm³) were produced. The micrographs of the samples 

were presented, and according to the authors, samples manufactured with a 
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volumetric energy input of 93 J/mm³ presented relative density of 99.6%. A 

herringbone structure was observed, and it is related to the bidirectional 

scanning strategy (Figure 2.14a). It was observed grains with 100 µm up to 

millimeter of length, extending through several layer thickness, related to an 

epitaxial growth. The grain width was 75 µm, equal to the hatching distance 

used (Figure 2.14b). According to the authors, the microstructure was formed 

by α’ martensite laths, due to the high cooling rate imposed by SLM. The 

Vickers hardness was reported as (409 ± 35.9) [8]. 

 

 

Figure 2.14. Optical micrographs of Ti-6Al-4V (wt%) samples manufactured by 

SLM: (a) laser scanning cross section; (b) building direction plane. Processing 

parameters: laser power, 42 W; scanning speed, 200 mm/s; layer thickness, 30 

µm; hatching distance, 75 µm; volumetric energy input, 93 J/mm³, and 

bidirectional scanning strategy [8]. 

 

Saedi et al. (2017) studied the process-microstructure-property 

relationship of a Ni50.8Ti49.2 (at%) alloy processed by selective laser melting. The 

authors also performed a systematic study on the effect of aging temperature 

and time on shape memory and pseudoelastic effects of samples submitted to 

aging heat-treatment. Therefore, cuboids with dimensions 12 x 6 x 6 mm³ were 

manufactured by SLM with a NiTi powder (d50 = 50 µm). The micrographs of the 

as-built samples are presented and compared to as-cast sample (Figure 2.15). 

It was noticed that the applied scanning strategy produced a rather regular 

pattern of melt pools with chess-like grains or checker grains and width of 100-

a) b) 
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140 µm, as observed in the laser scanning cross section (Figure 2.15c). 

Perpendicularly to this plane, in the building direction cross section, columnar 

grains are observed (Figure 2.15d) [80]. 

 

 

 

Figure 2.15. Optical micrographs of as-cast Ni50.8Ti49.2 (at%) (a); scanning 

strategy used in the SLM experiments (b); scanning direction cross-section (c) 

and building direction cross-section [80]. 

 

The authors reported that, although the samples manufactured by SLM 

shown lower mechanical resistance than the as-cast samples (Figure 2.16a), 

the strong [001] texture in the building direction improved the pseudoelasticity, 

especially in the samples submitted to aging heat-treatment (Figure 2.16b and 

c). The cyclic stress-strain curves shown that selective laser melted samples, 

submitted to aging heat-treatment at 350 °C for 1 h (Figure 2.16b), and 600 °C 

for 1.5 h (Figure 2.16c), presented pseudoelasticity of up to 5.5% at room 

temperature [80]. 

 b) 

 d) 

a) 

c) 
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a)

b)

c)

 

Figure 2.16. Pseudoelasticity of Ni50.2Ti40.8 (at%) samples: (a) as-cast; sample 

manufactured by SLM and submitted to aging heat-treatment at 600°C for 1.5 h 

at 350 °C for 1 h (b) and at 600°C for 1.5 h (c) [80]. 
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Fischer et al. (2016) investigated the microstructure of Ti-45Nb (wt%) 

alloy manufactured by selective laser melting. The Ti and Nb powders were 

mixed in situ during the process. The authors used microtomography to 

investigate pores distribution in the samples. It was seen that samples 

manufactured with laser power of 120 W and hatching distance of 100 µm 

presented more than 19.7% of porosity with unmelted Nb particles (Figure 

2.17). Therefore, the authors concluded that the correct parameters selection 

has a decisive influence on the porosity level of the samples [81]. 

 

 

Figure 2.17. Microtomography 3D image reconstruction of a sample of Ti-45Nb 

(wt%) alloy, with 19.7% of porosity and 20.3% of unmelted Nb particles (yellow) 

[81]. 

 

Schwab et al. (2015) processed by selective laser melting a gas-

atomized powder (20-100 µm) of a Ti-45Nb (wt%) alloy, applying three sets of 

parameters. The samples were produced in SLM Solutions SLM 250HL device, 

using a Ti-45Nb substrate plate, under argon atmosphere, layer thickness of 

100 µm and bidirectional scanning strategy with 74° rotation between layers 

(cross-hatching). A β single phase structure was observed in the microstructure 

of the samples with the three set of parameters used. In addition, it was 

observed some pores with spherical geometry and the samples presented 

relative density of (99.5 ± 0.5)% (Figure 2.18a). The authors reported that the 

pores were uniformly distributed over the whole analyzed cross section of the 

samples, and its spherical morphology is related to entrapped gas in the 
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powder. The micrographs also shown the melt pool boundaries and the 

solidification structure (Figure 2.18a). According to the authors, the grains 

growth by epitaxy from previous layers, and a cellular morphology is observed 

(Figure 2.18b). The grain size was 5 µm of width and 100 µm of length. The 

Vickers micro-hardness was correlated to the energy input: it was 211 HV0.1 for 

samples processed with 257 J/mm³ and 192 HV0.1 for samples processed with 

137 J/mm³, indicating that the hardness was influenced by the energy input [82]. 

 

 

Figure 2.18. Microstructure of a Ti-45Nb (wt%) sample obtained by scanning 

electron microscope in the back-scattered electrons mode. The SLM 

parameters used were laser power of 250 W; scanning speed of 35 mm/s, and 

50% of overlapping [82]. 

 

2.4 Metallurgy of Ti-Nb-based Alloys 

The Ti-35Nb-7Zr-5Ta (wt%) biocompatible alloy investigated on the 

present work is a β-Ti alloy of the Ti-Nb system, which has been considered 

promising for biomedical applications. In fact, these alloys present low Young’s 

modulus, enabling their application in prostheses. In addition, Ti-Nb-based 

alloys show the shape memory and pseudoelasticity effects due to a 

thermoelastic martensitic transformation. Therefore, Ni-free alloys may also be 

considered for biomedical applications such as coronary stents, among other 

engineering applications [25].  

Baker (1971) firstly reported the shape memory effect in a Ti-35.4Nb 

(wt%) alloy, and several studies on the system followed since then [83]. Ti-(35-

39)Nb (wt%) alloys presented shape memory effect and Ti-(40-41.8)Nb (wt%) 
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shown pseudoelasticity at room temperature [25, 27]. The Ti-Nb phase diagram 

of Figure 2.19a present a stable α-β system superimposed by a metastable β-ω 

system. The Ti-Nb system is isomorphous and Nb exhibits full solid solubility in 

the BCC β-Ti phase at temperatures higher than the beta transus temperature 

( ). At such temperatures, either Ti or Nb present body-centered cubic 

structure (BCC). Adding Nb reduces the α/β transformation temperature, 

delaying the formation of α phase, since Nb is a β-stabilizer element. The 

metastable phase diagram of ω and β shows a miscibility gap in β, resulting in a 

monotectoid type system. A summary of the characteristic transformations of 

the Ti-Nb phase diagram is shown in Table 2.1. 

 

Table 2.1. Phase transformation of the Ti-Nb system, with respective 

temperatures and alloy content. Adapted from Bönisch (2016) [84]. 

Phase 

transformation 

Type of 

transformation 

Temperature 

°C 

Nb content 

wt%      at% 

S
ta

b
le

 

L ↔ Nb Melting 2477 100 100 

L ↔ β-Ti Melting 1668 0 0 

β-Ti ↔ α-Ti Allotropic 882 0 0 

M
e

ta
s
ta

b
le

 

β ↔ β1 + β2 Critical 513 66 50 

β-Ti ↔ ω-Ti Allotropic 485 0 0 

β ↔ β + ω Monotectoid 430 37 23.3 
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Figure 2.19. (a) Stable and metastable phase diagrams of Ti-Nb; (b) illustration 

of phase diagram of an isomorphous β-Ti system, with stable α e β phases and 

metastable α’, α” e ω phases, which may be formed in fast cooling conditions 

[84]. 

 
 

a) 

b) 
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The phase transformation of the Ti-Nb system, with respective alloy 

content and related temperatures are shown in Figure 2.19b. Metastable 

phases such as α’ (martensite with hexagonal structure), α” (martensite with 

orthorhombic structure) and ω-phase may also form in the Ti-Nb system from 

the β-phase field in fast cooling conditions [84-86]. In addition, it is possible to 

obtain β single phase at room temperature, if there is enough Nb. On this case, 

C6 = 56 wt% of Nb is necessary in order to stabilize the β phase. Lower Nb 

content leads to formation of α and β stable at room temperature, in equilibrium 

conditions. Nb content lower than C1 (13.1 wt%), β transforms to α’ martensite 

(hexagonal structure) in fast cooling condition. The martensitic start 

transformation temperature is labeled as . From alloy content C1 upwards, α” 

martensite is formed with orthorhombic structure. This martensitic 

transformation takes place up to an alloy content of C4 (39.9 wt% Nb), from 

which the martensitic start transformation temperature  becomes lower than 

the final quenching temperature, Tq. Nb content between C3 (28.5 wt%) and C6 

(56 wt%) stays in a field where  and  are equal to Tq, and β is metastable 

under fast cooling conditions. 

There are two morphologies of ω-phase in Ti-Nb alloys: athermal (ωath) 

with trigonal structure and isothermal (ωiso) with hexagonal structure [89]. The 

former, formed from β and indicated by temperature , occurs on fast cooling 

conditions and is undesirable when shape memory effect is expected; the latter 

is formed on aging heat treatment and is related to embrittlement on Ti-Nb 

alloys [19, 88]. The β → ω transformation is related to concentrations between 

C2 (25.5 wt% Nb) and C5 (52% wt% Nb), when  is higher than . This 

transformation competes with α” martensite formation on fast cooling and 

interfere on shape memory effect and pseudoelasticity mechanisms of Ti-Nb 

alloys [85]. 

The pseudoelastic effect observed in the β-Ti alloys results from the 

thermoelastic and reversible β → α” martensitic transformation. A β single 

phase microstructure is necessary to obtain pseudoelasticity on such alloys. For 
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the binary alloy Ti-40.5Nb (wt%), for instance, the critical martensitic 

transformation stress to transform β into α” was determined as 170 MPa. A 

recoverable strain of 2.5% was reported for this composition at room 

temperature [25, 27, 87], which when compared to the 5.0% of the Ni-Ti alloys 

[80], stands as an important drawback of the Ti-Nb-based alloys in applications 

where pseudoelasticity is required. The main reason for that is the low yield 

strength of the Ti-Nb alloys causing plastic deformation prior the strain-induced 

martensitic transformation. Therefore, some studies have been performed 

adding alloying elements and applying thermomechanical treatments, reducing 

the martensitic transformation temperature and increasing the resistance to 

plastic deformation of the Ti-Nb alloys [25, 27, 85, 88]. 

Zhang et al. (2013) investigated the additions of Ta, Fe, Zr, Mo, Sn and 

Si in ternary Ti-35Nb-1X (wt%) alloys, with effects on microstructure, 

mechanical properties and shape memory effect of the alloys. The as-cast 

button-shaped ingots were hot-formed by compression at 1073 K, with 50% of 

reduction in thickness, followed by solubilization heat-treatment at 1073 K for 

0.5 h and water quenching. It is reported that the elements shown small effects 

in the microstructure of the samples, and β- e α”-phase were identified after the 

solubilization heat treatment. Sn, Si, Fe e Ta were responsible for the highest 

solid solution strengthening in the Ti-35Nb-1X (wt%) alloys. The addition of Zr 

resulted in a slight decrease in the elastic modulus, while Ta caused no 

considerable change. According to the reported results, Ta, Fe, Zr, Mo, Sn, and 

Si resulted in higher pseudoelasticity in the ternary alloys [88]. 

Hence, the Ti-35Nb-7Zr-5Ta (wt%) alloy emerges as promising for 

biomedical application in prostheses. The alloy composition contains exclusively 

non-toxic elements, with a combination of mechanical strength, hardness and 

low Young’s modulus [29, 31, 89]. Tahara et al. (2010) investigated the effect of 

nitrogen addition and heat-treatment in samples of Ti-(14-24)Nb-4Zr-2Ta-(0-

0.6)N (at%), which corresponds to a Ti-35Nb-5Zr-5Ta (wt%) alloy, submitted to 

annealing at various temperatures for 1 h [31]. The stress-strain curves 

obtained at room temperature shown that alloys with 27-30 wt% of Nb and free 

of N presented shape memory effect, after being heated to 500 K. 
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Pseudoelasticity was observed in alloys with 32 wt% of Nb, with a recoverable 

elastic strain (pseudoelasticity) of 2.0% (Figure 2.20) [31]. 

 

 

Figure 2.20. Stress-strain curves obtained at room temperature of Ti–Nb–Zr–Ta 

alloys. The composition is given in at%. [31]. 

 

The effect of annealing temperature was also investigated in the alloy Ti-

32Nb-5Zr-5Ta (wt%) and the micrographs are shown in Figure 2.21. The results 

shown that the samples presented α and β phases when annealed at 773 and 

873 K. The bright field TEM images of the samples annealed at 773-1073 K 

shown grain growth as the annealing temperature was increased. A fine 

subgrain structure was observed in the sample annealed at 773 K (Figure 

2.21a). In samples annealed at 873 K (Figure 2.21b), α precipitates at β grain 

boundaries, while only a β single-phase microstructure is observed in samples 

annealed at 973 and 1073 K (Figure 2.21c and d), confirmed with X-ray 

diffraction patterns. The results also shown that the grains presented more 

significant grain growth in the samples heat-treated at 973 and 1073 K, where 

the precipitation of α was absent. 
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Figure 2.21 – Micrographs of a Ti–32Nb–5Zr–5Ta (wt%) alloy analyzed by 

transmission electron microscopy (TEM). The samples were annealed for 1 h at 

the following temperatures: a) 773 K, b) 873 K, c) 973 K, and d) 1073 K. The α 

phase precipitation is indicated by arrows [31]. 

 

Ferrandini et al. (2007). investigated phase formation on samples of a Ti-

35Nb-7Zr-5Ta (wt%) alloy submitted to thermomechanical treatment, followed 

by solubilization treatment at 1000 °C for 35 min and water cooling, and aged at 

200, 300 and 400 °C (for 4 h). The authors report that either the solubilized or 

the aged samples presented only β peaks in the XRD experiments (Figure 

2.22). The authors state that Ta and Zr displaces the β → α transformation to 

increased times, avoiding α precipitation in the samples, even though Zr is a 

neutral element [14,15]. In addition, ω-phase formation was not observed, and it 

is related to the Zr effect of suppressing the β → ω transformation in the alloy 

[29]. 
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Figure 2.22. XRD patterns show that only β phase was detected for samples 

solubilized and aged at temperatures up to 400 °C [29]. 

 

2.5  Oligocrystalline Structure and Pseudoelasticity 

One of the drawbacks of Ti-Nb-based alloys is the low recoverable strain 

when compared to the Ni-Ti system, which limits the applicability of Ti-Nb alloys 

in biomedical parts when pseudolelasticy is required. Recent studies have 

reported an alternative method to improve pseudoelasticity of Cu-based shape-

memory alloys, when an oligocrystalline or bamboo structure is formed (oligo – 

few; crystalline – crystals). This results in recoverable strain and 

pseudoelasticity comparable to those observed in single crystals of Cu-based 

alloys, overcoming the premature failure normally seen in Cu-based shape 

memory alloys due to brittle fracture along grain boundaries [32, 33]. 

The oligocrystalline shape memory alloys (oSMA) are defined as alloys in 

which the total grain boundary area is less than the total sample surface. The 

higher surface area in an oligocrystalline structure allows the martensitic phase 

transformation, the basic shape memory effect mechanism, to occur with less 

inhibition than in a conventional polycrystalline structure [33]. The grain 

boundaries in polycrystalline alloys are preferential sites for nucleation of 

Ti-35.4Nb-7.9Zr-5.9Ta-0.29O (wt%) 
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martensite with certain configurations but imposes limitations to the extension of 

the transformation [90]. The oligrocrystalline or bamboo structure enables the 

control of the martensite variants nucleation and increase the extent of the 

transformation [33]. 

It has been reported a pseudoelasticity of 8% in a Cu-11.9Al-4.4Mn-3.9Ni 

(wt%) alloy, with oligocrystalline structure formation associated to a 

crystallographic texture [91]. The samples had a wire geometry with 45–300 μm 

diameter obtained by the Taylor wire casting technique. In another work, 

microwires of Cu-Al-Ni with oligocrystalline structure were obtained (Figure 

2.23a-e) [92]. The filaments presented a uniform diameter and the bamboo 

structure was formed: some few grains with grain boundaries at approximately 

90° of the filaments’ main axis. Martensite laths are observed, which meant that 

the martensitic transformation temperature, Ms of the alloy was higher than the 

room temperature. 

 

 

Figure 2.23. Wires of a Cu-Al-Ni alloy with average diameter of 90 (a), 65 (b) 

and 30 µm (c); optical micrographs of a cross section of a wire with diameter of 

100 µm, showing the bamboo structure with martensitic laths spanning through 

the whole sample cross-section (d-e) [92]; optical micrographs of a Cu–Zn–Al 

ally with oligocrystalline structure (f-h) [90]. 

 

Furthermore, another work investigated the effects of sample size on the 

pseudoelasticity of microwires, with diameter varying between 100 µm a 20 µm 

f) 

g) h) 
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obtained by wire-casting [90]. The filaments of Cu-22.9Zn-6.3Al (wt%) alloy 

were produced by the Taylor wire casting technique and presented 

oligocrystalline structure (Figure 2.23f-h). The martensite laths seen in the 

microstructure (Figure 2.23f) indicate that the Ms of the alloy was above room 

temperature. It may also be noticed that martensite laths extend through the 

whole sample geometry. 

The grain size/sample size relationship effect was investigated on the 

pseudoelastic behavior of a Cu-17Al-10.5Mn-0.5Co (wt%) shape memory alloy, 

in sheets submitted to thermomechanical treatment [93]. Recoverable strain of 

7% was observed in the samples with oligocrystalline structure: The grains 

extended through the whole sample thickness (Figure 3.24a). The inverse-pole 

figures (Figure 2.24b) and pole figures (Figure 3.24d), obtained by electron 

back-scattered diffraction, shown the grain orientation related to the applied 

tensile stress and the orientation-dependency of pseudoelasticity on each grain, 

respectively. It was noticed that the highest recoverable strain of ≈ 9% occurred 

in grains labeled as (2) and (3), which were oriented approximately parallel to 

the tensile stress applied. 

 

 

Figure 2.24. (a) Oligocrystalline structure in a sample of 72.0Cu-17Al-10.5Mn-

0.5Co (wt%), after being submitted to cyclic tensile test; (b) EBSD maps 

showing the corresponding grain orientations in the region limited by the dash 

lines; (c) stereographic triangle for reference; (d) pole figures showing 

orientation of grains labeled 1-5, related to the tensile stress direction [93]. 
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Besides the Cu-based shape memory alloys, some other works have 

reported oligocrystalline structure formation in Fe-based [94] and Ni-based [95, 

96] alloys; pure Al [97] and pure Ta [98]. More recently, a cyclic-heat treatment 

was developed to induce abnormal grain growth and obtain oligocrystalline 

structure in bulk samples of a Cu-Al-Mn alloy [99, 100]. Nonetheless, to the 

author’s best knowledge, there are not reported results of oligocrystalline 

structure formation in Ti-Nb-based alloys. In addition, the processing route used 

to obtain the bamboo structure is either the Taylor wire casting technique or 

thermomechanical processing. On this work, an innovative approach is 

proposed to obtain a bamboo-like structure formation in a β-Ti-35Nb-7Zr-5Ta 

(wt%) alloy with selective laser melting, an additive manufacturing technology. 
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3. EXPERIMENTAL PROCEDURE 

This chapter describes the experimental techniques for samples 

preparation and characterization. Figure 3.1 illustrates the workflow with the 

general approach and experimental methods applied. 

 

 

Figure 3.1 Overview of workflow and experimental methods. 

 

3.1 Materials 

3.1.1 Ingots preparation and Cu-mould suction casting of rods 

The processability of the Ti-35Nb-7Zr-5Ta (wt%) alloy was first studied 

by producing samples in a more conventional technique. Therefore, rods with 3 

mm of diameter and 30 mm of length were produced by Cu-mould suction 

casting in a Mini-Arc Melter Edmund Bühler GmbH. Ti, Nb, Zr and Ta pure 

elements (99.99% purity) were arc-melted to produce the pre-alloy in button-

shaped ingots with ≈ 15 g. The pre-alloy was remelted five times in order to 

assure chemical homogeneity of the elements. Then, 1.5 g of the ingots were 

cut and used to cast the rods, as follows: In the beginning, the valves were 
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opened with tubes connecting the melting and suction chambers. These 

chambers were then evacuated to 10-4 mbar. Then, the valves were closed, and 

the melting chamber filled with argon in order to obtain a protective atmosphere, 

enable the formation of the electric arc and create the difference in pressure, 

which is responsible for the suction energy. A Ti-getter was first melted in order 

to remove residual oxygen in the melting chamber [101]. 

Due to high viscosity of the molten TNZT alloy, the ingot had to be 

slightly dislocated from the mould orifice in the melt chamber before switching 

on the electric arc. Then, the current used to melt the alloy was quickly 

increased (level 7 to 9) and the suction valve was opened immediately after the 

liquid started flowing with the electric arc still opened, in order to facilitate the 

suction of the melt into the water-cooled Cu-mould. The as-cast samples were 

labeled TNZT-as-cast. 

 

3.1.2 Powder feedstock and chemical analysis 

The gas-atomized Ti-35Nb-7Zr-5Ta (wt%) powder was supplied by 

Ercata GmbH as spherical powder with particle size < 150 µm and 99.99% of 

purity, in an Ar-sealed container with 5 kg of powder. The powder was dry-

sieved and a fraction of 3 kg with particles size < 63 µm was used in selective 

laser melting (SLM), labeled as TNZT-powder.  

The chemical analysis of the main elements Ti, Nb, Zr and Ta of the 

powder and bulk samples were performed by inductively coupled plasma optical 

emission spectroscopy (ICP-OES; Thermo Fischer Scientific). The carrier gas 

heat extraction technique (CGHE; LECO) was applied to analyze the oxygen 

content. At least three analysis for each element were performed. The local 

element distribution in the powder and bulk samples was analyzed by energy 

dispersive X-ray spectroscopy (EDX) coupled with scanning electron 

microscopy (SEM). The mass unity used throughout the present work to 

describe chemical composition of the samples is mass weight percentage 

(wt%). 
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3.1.3 Selective laser melting – parameters optimization 

Samples were manufactured by selective laser melting in a Realizer SLM 

50, with a fiber laser in continuous mode (λ = 1070 nm, focus position F: 9.55 

mm, spot size ≈ 60 µm) and laser power of 129 W (Figure 3.2). The 

construction volume is 70 mm diameter and 40 mm height. The samples were 

produced on baseplates of pure Ti (grade 2) at room temperature (peak 

temperature of 40 °C), previously sandblasted in order to obtain a reproducible 

surface. The layer thickness was kept at 40 µm in all experiments. The 

atmosphere was filled with argon (99.99% purity) under constant flow of 8000 

l/min, with a chamber pressure of ≈ 20 mbar. The oxygen content in the build 

chamber was kept < 0.1 wt%. 

 

Build chamber

Powder recoater

Laser beam

Baseplate
 

Figure 3.2. Selective laser melting Realizer SLM 50 device used throughout the 

experiments. 

 

A first set of experiments was performed to optimize the laser 

parameters. For this experiment, laser power of 61 and 129 W was applied on a 

thin layer of powder with ≈ 100 µm thickness and single tracks with 20 mm 
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length were produced. Scanning speed of 0.30, 0.33, 0.50, 0.57, 0.75, 1.00, 

1.50, 2.00, 2.67, 3.00, and 4.00 m/s were applied for each laser power. 

On a next step, cylinders with 3 mm external diameter and 6 mm in 

height were produced. This time, the outer shell of the cylinders (also known as 

contours) were melted, without defining a hatching distance or distance 

between tracks. The laser power was kept at 129 W varying the scanning speed 

in the range 0.33-4.00 m/s. 

The linear energy input, El [J/m], on single tracks and outer-shell 

cylinders was calculated with the equation adapted to calculate the line energy 

input [102]: 

, 

where Pl is the laser power (W) and vs is the scanning speed. 

The track widths, wall thickness and morphology of the single tracks and 

contours were assessed by optical microscope. On this manner, the stability 

(stable, unstable, and balling) and uniformity of the melt paths could be 

assessed. Henceforth, three scanning speeds were selected to build bulk 

cylinders with 3 mm diameter and 10 mm height. Therefore, bulk samples were 

produced with scanning speed of 0.33, 0.57 and 2.67 m/s, and overlapping of 

25, 50 and 75% on each scanning speed, while keeping the laser power of 129 

W, layer thickness of 40 µm and unidirectional scanning strategy with 79° 

scanning vector rotation between successive layers (cross-hatching). Next, the 

hatching distance (distance between tracks) was further optimized keeping the 

scanning speed at 0.57 m/s, covering an overlapping range of 10-75%. The 

volumetric energy input, Ev [J/mm³], was calculated by the following equation 

[102]: 

, 

where Pl is the laser power (W), vs is the scanning speed (m/s), hs is the 

hatching distance (10 µm) and lz is the layer thickness (10 µm). 
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3.1.4 Sample orientation and laser remelting 

In order to further investigate the possibility of modifying the 

microstructure of the TNZT alloy (e.g. phase formation, grain size, morphology 

and orientation) during the selective laser melting process, some additional 

experiments were performed. The formation of crystallographic texture was 

assessed by building cylinders by selective laser melting with different 

orientation. This time, samples at 0°, labeled as TNZT-0°horizontal, and 45°, 

labeled as TNZT-45°degree were produced with Ø 3 mm and 15 mm length 

(projected on the surface of the baseplate).  

The parameters used were laser power 129 W, scanning speed 0.57 

m/s, layer thickness 40 µm and 50% of overlapping. The scanning strategy was 

unidirectional and rotating 79° between each layer (cross-hatching). On the 

case of TNZT-0°horizontal samples, the scanning strategy had to be divided 

into stripes of 3.0 x 3.0 mm² (width x height), with a 50% of overlap between 

each island, in order to avoid the laser scanning a long line and, therefore, 

warpage during the process. On each stripe, the laser scanning was 

unidirectional and rotating 79° between each layer. Then, an experiment was 

performed adding a remelting step (TNZT-remelting) [103]. The parameters 

used in laser remelting were identical to the SLM parameters: laser power 129 

W, scanning speed 0.57 m/s, layer thickness 40 µm and 50% of overlapping. 

 

3.1.5 Selective laser melting of prototypes and thin-walled samples 

Some prototypes were produced in order to attest the feasibility of 

producing parts of Ti-35Nb-7Zr-5Ta alloy with complex geometry by selective 

laser melting. Therefore, dental mini implants (TNZT-mini-implant) with threads 

and stents (TNZT-stent) were produced directly on the baseplate with the 

following parameters set layer thickness of 40 µm, laser power of 129 W and 

scanning speed of 0.57 m/s.  

For the mini implants, an overlapping of 50% was applied and the 

prototype was built as a bulk sample with unidirectional scanning strategy 79° 

rotation between layers. In the case of the stents, hatching distance was not 
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defined due to its open geometry and struts dimension corresponding to a 

single track. A remelting step was applied in order to improve the surface 

finishing of the stents with same parameters used in the first melting. 

Thin-walled samples (hollow tubes with 3 mm of external diameter, wall 

thickness of 200 µm and 12 mm height) were also produced by selective laser 

melting to investigate oligocrystalline structure formation. The parameters used 

were laser power of 129 W, scanning speed of 0.57 m/s, with a layer thickness 

of 40 µm. Hatching distance was not defined and the wall thickness 

corresponded to a single track. The thin-walled tubes were labeled TNZT-

single-tube.  

 

3.1.6 Heat treatment 

In order to homogenize the as-cast rods and as-built selective laser 

melted samples, a homogenization heat treatment was applied. The samples 

were encapsulated in fused-silica glass, evacuated and filled with 500 mbar of 

argon and heat-treated at 1000 °C (β single phase stability field) for 24 hours in 

Ar atmosphere, followed by water quenching [88]. The thin-walled tubes 

produced by SLM were also heat-treated in the same conditions in order to 

investigate grain growth mechanism and the formation of the bamboo 

(oligocrystalline) structure (TNZT-tube-HT). 

 

3.2  X-ray Computed Micro-tomography and Density Measurements 

In order to investigate the powder characteristics and determine particle 

size distribution, sphericity, anisotropy and overall porosity, X-ray computed 

micro-tomography (µ-XCT) was performed. It is a non-destructive method, 

which allows evaluation of internal characteristics and 3-D imaging of materials 

[104]. The measurements were carried out in a GE Phoenix Nanotom® M 

device, with following parameters: 130 kV, 110 µA, tungsten target and 0.3 mm 

Cu filter; voxel size of 1.5 µm; exposure time of 1000 µs per image and 1000 

images for 360° sample rotation. Two samples of powder were taken from 

particle size fraction < 63 µm (used for SLM) and approximately six-thousand 
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particles were analyzed. In order to reconstruct the scan, the software VGStudio 

Max 2.2.7 of image analyzing was used. After reconstructing, the evaluation of 

the powder particle size and morphology was done using the software Avizo 

9.4.0.  

The µ-XCT was specially used to determine the optimal selective laser 

melting parameters of the TNZT alloy, which produced samples with highest 

density. The degree of porosity and internal soundness of the as-cast rods and 

as-built selective laser melted cylinders were assessed by µ-XCT with same 

parameters used for the powder; only this time a different voxel size was used. 

The voxel size is defined by the device resolution limit and dependent on the 

sample size as ≈ 0.5 µm x largest sample dimension [105, 106]. On this way a 

voxel size of 4.0 µm was used for bulk samples.  

The densities of the bulk samples (as-cast and SLM) were also 

determined by the Archimedean method using a balance (Sartorius MSA2255) 

with Cubis density kit. Part density was measured as follows: The samples were 

weighed in air, then immersed into distilled water for a few seconds and 

weighted again. Relative density was calculated by considering the density of a 

suction-cast sample, which present lowest observed porosity with µ-XCT (< 

0.01% of porosity). Samples with relative density higher than 99.0% were 

considered of good quality and the related parameters set taken as the 

optimized selective laser melting parameters. 

 

3.3 Microstructure and Phase Formation Characterization 

3.3.1 X-ray diffraction 

The phase constitution of the Ti-35Nb-7Zr-5Ta (wt%) powder, as-cast 

rods, as-built SLM cylinders and heat-treated samples was analyzed by X-ray 

diffraction. The measurement was carried out in a Stoe Stadi P device on 

transmission mode, equipped with a position-sensitive detector and Ge (111) 

monochromator, which selects Mo-Kα1 radiation (λ = 0.07093 nm) and a 

generator operating with 50 kV and 40 µA. The loosen powder sample was 

carefully glued in an acetate piece and then placed in the sample holder. In the 

case of bulks, samples were cut from the middle of the bulks (x-y cross section) 
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and then manually ground to thicknesses around 100 µm using 400 and 800 

mesh grinding papers, and at least two samples were measured for each case. 

The samples were rotated around their normal axis during the measurement in 

order to enhance scattering statistics. The parameters used were diffraction 

angle scan range of 5-60°, step size of 0.5 °/min and time step of 80 s. Two 

ranges for each sample were measured. The data were analyzed with the 

software PANalytical X’Pert HighScore Plus 4.7 using the PDF-4+ 2016 

database of the International Centre for Diffraction Data (ICDD). 

 

3.3.2 Metallography 

The microstructure of the powder, as-cast rods, as-built (SLM) cylinders 

and heat-treated samples was investigated by microscopy. The samples were 

metallographically prepared following the steps: cold mounting in an epoxy resin 

+ catalyst + carbon powder mixture, grinding in SiC paper up to 4000 mesh and 

polishing for 10 min in a Struers Tegrapol with 300 rpm, 10 N and oxi-silicate + 

10 vol% H2O2 polishing solution (0.04 µm). Polished and etched surfaces were 

analyzed: the etchant solution was 5 HF (40% concentrated) + 10 HNO3 (65% 

concentrated) + 85% H2O, with a dwell time of 15 s, followed by ultrasonic-bath 

cleaning for 5 min and drying in a hand-drier [84]. The SLM samples were 

examined in x-y (laser scanning plane) and y-z (building plane) cross-sections. 

 

3.3.3 Optical microscopy 

The overall quality of the single tracks and contours was assessed and 

the track widths, wall thickness and morphology of the single tracks and 

contours were evaluated by optical microscope. The microstructure of the as-

built SLM cylinders, as-cast rods and heat-treated samples were also 

investigated. A digital optical microscope Keyence VHX 6000, with 

magnification from 30 to 2000x was used. The planar average grain size of the 

bulk samples was measured by the intercept procedure in at least three 

micrographs taken along the building direction of the samples (ASTM E112-13). 

The number of grains intercepted by three test circles was counted and the 
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average grain diameter ( ) was calculated in the native image processing 

software in the Keyence VHX 6000 microscope. The grain size was also 

determined by the comparison procedure following the ASTM E112-13 

Standard and the ASTM grain size number, G, was obtained. 

 

3.3.4 Scanning electron microscopy 

The morphology of the powder and microstructure of the as-built SLM 

cylinders, as-cast rods and heat-treated samples were investigated in a 

scanning electron microscope (SEM Field Emission Gun, Gemini Leo 1530 from 

Carl Zeiss AG), with secondary electrons (SE) and back-scattered electrons 

(BSE) detectors. A Bruker Xflash 4010 energy-dispersive X-ray (EDX) system 

was used to perform chemical microanalysis of the samples.  

The crystallographic texture, grain size and morphology of the as-built 

SLM cylinders, as-cast rods and heat-treated samples were analyzed by means 

of electron back-scattered diffraction (EBSD), with a Bruker e-FlashHR 1000 

detector attached to the SEM Gemini Leo. The electron back-scattered pattern 

(EBSP) datasets were post-processed using the software Bruker ESPRIT 2.2.1. 

A misorientation criterion of 10° was employed to differentiate between low- and 

high-angle boundaries. Inverse pole figure (IPF) maps combined with the 

microstructure were obtained (the sample axis relative to the crystal 

orientations, i.e., which crystallographic directions align with the specimen 

axes). 

Further analyzes of the EBSP datasets (pole figure and grain size) were 

performed in the Chanel 5 software package (HKL Technology, Denmark). The 

pole figures (stereographic projection of a crystal axis down some sample 

direction) were calculated in Chanel 5 Mambo software, setting the z-axis of the 

samples in the building direction. The crystallographic average grain size was 

also determined with the intercept procedure: parallel test lines are drawn over 

the EBSD map and the points where the lines intercept a grain boundary are 

counted (ASTM E112-13). The mean transversal linear intercept length, ( ), and 

mean longitudinal linear intercept length, ( ), was obtained in the transverse (y) 
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and longitudinal (z) axes, respectively, of the samples building plane cross-

section with the Channel 5 Tango software. 

 

3.3.5 Transmission electron microscopy 

The microstructure and phase analysis of the TNZT as-cast rods and as-

built SLM cylinders was analyzed in a high-resolution transmission electron 

microscope (TEM Fei Tecnai G2 F20), in bright field and dark field modes. The 

samples were cut from the middle of the bulks (x-y cross section) and then 

manually ground to thicknesses around 100 µm using 400, 800 and 1200 mesh 

grinding papers. Then, ionic polishing was employed using a precision ion 

polishing system (Gatan 691). The electron diffraction patterns obtained by 

TEM were evaluated in the software ELDISCA C1.2 [101]. 

 

3.4 Mechanical Characterization 

Compression test in monotonic and cyclic modes were conducted on Ø 3 

mm cylindrical specimens cut from the as-cast rods, as-built SLM cylinders and 

heat-treated samples to an aspect ratio ≈ 2 (height/diameter), following the 

ASTM E9-19 Standard. The samples were carefully ground to 1200 mesh in 

order to obtain parallel surfaces, perpendicular to the cylinder axis. The tests 

were conducted in an Instron 5869 device and the strain was measured with a 

laser-extensometer (Fiedler Optoelektronik GmbH). 

The monotonic uniaxial compression test was conducted by increasing 

the compressive load. The experiment was stopped after 60% of strain due to 

strain measurement issues, without breaking the specimens. The experiments 

were performed at a constant strain rate of 10−4 s−1 and at least three 

specimens were tested for each condition. The yield point was determined by 

means of the offset method: a straight line intersecting the strain axis at a 

predefined value (0.2% strain offset) was drawn parallel to the elastic segment. 

The test was conducted with a laser extensometer and, therefore, the Young’s 

modulus of the specimens was recorded. 
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The cyclic uniaxial compression test was carried out by loading-

unloading the specimens up to 6.5% of strain on steps of 0.5%. Figure 3.3 

shows a stress-strain curve obtained in cyclic compression test. 

 

 
 

Figure 3.3. Illustration of a stress-strain curve in a cyclic compression test, 

indicating the recoverable strain, εse, as a measure of pseudoelasticity [85]. 

 

Every loading-unloading sequence produced a hysteresis loop and the 

last unloading step was conducted from an applied strain of 6.5%. The 

pseudoelasticity of the samples was measured by the recoverable strain, εse, 

(Figure 4.3) [85]. The loading and unloading steps were performed at strain rate 

of 10−4 s−1. 
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4. RESULTS AND DISCUSSION 

4.1 Rapid Solidification by Cu-mould Suction Casting 

The processability of the Ti-35Nb-7Zr-5Ta (wt%) alloy was first studied by 

producing samples in a more conventional technique. Therefore, rods with 3 

mm of diameter and 30 mm of length were produced by Cu-mould suction 

casting (Figure 4.1). 

 

 

Figure 4.1. TNZT-as-cast rods. 

 

The bulk chemical analysis of Ti, Nb, Zr and Ta in the as-cast samples was 

performed by ICP-OES (Table 4.1). The composition of the samples is 

approximately equal to the nominal composition of the alloy, although a high 

standard deviation is noticed in the Ta content. The oxygen content was 

analyzed using the carrier gas heat extraction technique (CGHE), with a 

concentration of (900 ± 30) ppm, within the specified for the alloy (7500 ppm) 

[28]. 

 

Table 4.1. Chemical analysis of the TNZT-as-cast samples. 

Sample Ti (wt%) Nb (wt%) Zr (wt%) Ta (wt%) O (ppm) 

TNZT [28] 55.2-47.1 34.0-37.0 6.3-8.3 4.5-6.5 
7500 

(max) 

TNZT-as-cast 53.4 ± 0.5 34.7 ± 0.5 7.1 ± 0.3 4.6 ± 3.4 900 ± 30 

 

10 mm 

z 

y 

x 
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4.1.1 Phase formation and microstructure 

 The phase formation was analyzed by X-ray diffraction and the resulting 

pattern show a β single phase structure (Figure 4.2), which is related to the high 

β stabilizing content in the alloy. 
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Figure 4.2. Diffractogram of sample produced by Cu-mould suction casting 

(TNZT-as-cast). 

 

An equiaxed dendritic structure is observed in the as-cast samples 

(Figure 4.3a-c), a result of the high alloying content and solidification rate 

(constitutional supercooling), combined to thermal diffusivity properties of the 

alloy and thermal gradient imposed by the Cu-mould suction casting process. 

The presence of precipitates is not observed, differently from the results in arc-

melted button-shaped samples of same nominal composition [26]. 
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Figure 4.3. (a) Microstructure of the TNZT-as-cast sample; (b) equiaxial 

dendritic structure of the as-cast sample; (c) chemical contrast observed by 

back-scattered electrons (BSE) and (d-g) EDX maps. 
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The semiquantitative chemical analysis obtained by energy-dispersive X-

ray spectroscopy (EDX) microanalysis of the as-cast samples resulted in a 

composition of Ti-34.5Nb-7.1Zr-4.8Ta (wt%), practically identical to the 

composition obtained in the inductively coupled plasma optical emission 

spectroscopy analysis (Ti-34.7Nb-7.1Zr-4.6Ta-0.09O). The EDX maps also 

show microsegregation in the grain boundaries, with formation of Nb- and Ta-

enriched dendrites and a Ti-rich interdendritic phase (Figure 4.3b-f). This result 

was previously reported in Ti-Nb binary alloys and it is related to the 

solidification process and it has been proposed that the cooling rate during 

suction-casting is not high enough to avoid Ti diffusion from the core of the 

dendrites, resulting in microsegregation in the solidification process [84, 107]. 

Bright field TEM images of the as-cast sample (Figure 4.4a), with 

selected area electron diffraction (SAED) pattern of the α“ martensite laths 

(Figure 4.4b) (zone axis: [100]). 
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Figure 4.4. (a) Bright Field TEM image showing laths of α“ (martensite with 

orthorhombic structure) in a β-Ti matrix (body-centered cubic structure); (b) 

SAED pattern of the α“ martensite laths (zone axis: [100]); (c) SAED pattern of 

the β-Ti matrix at [311] zone axis. 

 

It is possible to see streaking of diffraction spots. It occurs because the 

martensite laths are formed by very thin layers. The β-Ti matrix is also indexed 

in the SAED (Figure 4.4c). Therefore, the as-cast samples presented a two-

phase microstructure, a β-Ti matrix, with a body-centered cubic structure and α” 

martensitic laths, with orthorhombic structure. Although suction casting is 

recognized as a high solidification process, a microsegregation resulted in a 

second phase formation in regions were the alloying content was different than 

in the matrix. The very fine martensitic laths and low volume fraction is the 

reason for not been possible to identify α” in the XRD experiments. 

In order to study grain size, morphology and orientation, the 

microstructure of the as-cast samples was further investigated by electron back-

scattered diffraction (EBSD) experiments. The analysis was performed at the 

middle of the sample, which was cut in the longitudinal direction (y-z, mould 

long axis). The inverse-pole figures (IPF) (Figure 4.5a-c) and pole figure in the 

{100}, {110} and {111} stereographic planes (Figure 4.5d) show that the grains 

are randomly oriented, absent of crystallographic texture. As in the XRD 

patterns, a β-Ti single phase was indexed in the EBSD experiment, which is 

related to low volume fraction and grain size of the α” martensitic laths, as seen 

in the TEM image. The crystallographic grain size of the β phase was 
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5/nm 
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determined from the EBSD experiments, and the linear intercept procedure was 

applied (ASTM E112). On this way, the mean transversal linear intercept length, 

, and mean longitudinal linear intercept length, , were determined and both 

were equal to 120 µm, which is related to the equiaxial grain structure of the as-

cast sample. 

 

 

Figure 4.5. Electron back-scattered diffraction maps of an as-cast sample 

(TNZT-as-cast):  Inverse-pole figure (IPF) in the x- (a), y- (b) and z- (c) axis, and 

pole figure in the {100}, {110} and {111} stereographic planes (d). The inset is 

the IPF orientation reference. 

 

4.1.2 Homogenization heat treatment of suction-cast cylinders 

In order to homogenize the microstructure and eliminate the 

microsegregation of the suction-casted samples of the TNZT alloy, a 

homogenization heat treatment was applied on the as-cast rods at 1000 °C for 

24 h under Ar atmosphere, followed by water quenching. The crystal structure 

identified in the XRD pattern of the homogenized samples is β single phase 

(Figure 4.6) and, therefore, the heat treatment and following fast cooling 

resulted in a β metastable structure at room temperature, similarly to previously 

200 μm 

a) b) c) 

d) 
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reported results [30]. Qazi et al. (2005) also shown a β single phase structure in 

solution-treated samples of the Ti-35Nb-7Zr-5Ta (wt%) alloy, with varying 

oxygen content for different treatment temperatures: 850°C (600 ppm), 840°C 

(4600 ppm), and 900°C (6800 ppm), heat-treated for 1 h followed by water 

quenching.  An average grain size of 28, 23, and 60 µm, respectively, was 

reported by the authors [108]. 
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Figure 4.6. Diffractogram of the suction-casted sample submitted to a 

homogenization heat treatment at 1000 °C for 24 h, followed by water 

quenching. 

 

An important outcome of the heat treatment was the chemical 

homogenization of the samples: The microstructure observed by scanning 

electron microscope with a back-scattered electrons (BSE) detector shows a 

homogeneous chemical distribution (Figure 4.7). Therefore, the solute 

redistribution obtained during the heat treatment was maintained in the 

subsequent cooling step, which is related to the high cooling rate imposed by 
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water quenching the samples compared to suction casting, avoiding Ti 

depletion of the matrix. On this way, a second phase formation such as α” is 

less likely and the β single phase structure at room temperature is obtained [88, 

111]. 

 

 

Figure 4.7. Micrograph of the suction-casted sample submitted to a 

homogenization heat-treatment at 1000 °C for 24 h, followed by water 

quenching, obtained with a scanning electron microscope in the BSE mode. 

 

The homogenization heat treatment induced significant grain growth. 

This is an effect of an isothermal heat treatment of the samples at β phase 

region for long time, enough for the dendritic arms to merge as equiaxed grains 

[84]. Nonetheless, a heterogeneous grain structure is observed in the sample 

with coarse and fine grains (Figure 4.7 and 4.8). For the heat-treated samples, 

the grain size was determined by the comparison procedure following the ASTM 

E112-13 Standard: an ASTM grain size number, G = 1, was obtained, which 

means an average grain diameter of approximately 250 µm. Tahara et al. 

(2010) also reported significant grain growth in samples of Ti-35Nb-7Zr-5Ta 

(wt%) submitted to cold rolling, followed by recrystallization annealing at 900 °C 

for 1 h, resulting in a β single-phase microstructure with average grain size of 

400 μm 
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100 µm [31]. Meanwhile, Yaofeng (2014) reported an average grain size of 200 

μm in a β single phase microstructure of a Ti-38Nb-4Sn (wt%) alloy, annealed 

at 1000 °C for 5 h, followed by furnace cooling [107]. 

The microstructure of the heat-treated samples was also analyzed by 

EBSD. The IPF maps (Figure 4.8a-c) show the absence of preferential 

orientation and, therefore, crystallographic texture is not observed. In addition, 

β-Ti single phase was indexed in the EBSD experiment, corroborating with the 

XRD patterns. 

 

 

Figure 4.8. Electron back-scattered diffraction maps of a suction-casted sample 

of the TNZT alloy submitted to homogenization heat-treatment:  Inverse-pole 

figure (IPF) in the x- (a), y- (b) and z- (c) axis. The inset is the IPF orientation 

reference. 

 

4.1.3 Mechanical properties of as-cast and heat-treated samples 

Compression tests in monotonic and cyclic modes were conducted on Ø 

3 mm cylindrical specimens (aspect ratio ≈ 2), and the Young’s modulus, E, 

yield strength (stress at 0.2% strain offset), σYS, and compressive stress at 35% 

strain, σ35%, were obtained (Table 4.2). The monotonic and cyclic uniaxial 

compression tests were performed on three specimens obtained from the as-

cast and heat-treated TNZT samples at room temperature. The cyclic uniaxial 

compression test was carried out by loading-unloading the specimens up to 

6.5% of strain on steps of 0.5% in order to attest the pseudolasticity of the 

specimens. The pseudoelasticity was defined as the maximum recoverable 

strain, εse, in the cyclic compression tests [31, 85]. The overall quality and 

internal soundness of the specimens from the as-cast rods were evaluated 

400 μm 

a) b) c) 
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before the compression test, and, therefore, density measurements 

(Archimedes principle) and X-ray computed micro-tomography (µ-XCT) were 

performed: The as-cast samples presented a density of (5.75 ± 0.03) g/cm³ and 

a relative volume of 100.0%. 

 

Table 4.2. Comparison of compression properties of the Ti-35Nb-7Zr-5Ta (wt%) 

alloy, in as-cast and heat-treated conditions. 

Sample σYS (MPa) σε=35% (MPa) E (GPa) εse (%) 

TNZT-as-cast 469 ± 42 686 ± 76 48 ± 4 1.5 

TNZT-heat-treated 517 ± 66 787 ± 24 59 ± 14 0.5 

Ti-44.5Nb[88] 479 ± 60 - 67 ± 8 0 

Ti–35Nb–5Zr–5Ta[31] ≈ 400* - - 0 

Ti–35.3Nb–7.1Zr–5.1Ta[26] 550 ± 10  - 63 ± 2  - 

Ti-35Nb-7Zr-5Ta-0.06O[98] 530 - - - 

Ti-35Nb-7Zr-5Ta-0.16O[28] 669 - - - 

*The yield strength was obtained from the stress-strain curve. 

 

The first important result obtained in the monotonic compression test is 

the Young’s modulus: a low value is obtained for the Cu-mould suction-casted 

specimens (TNZT-as-cast), E = (48 ± 4) GPa, with a higher Young’s modulus in 

the homogenized (TNZT-heat-treated) specimens, E = (59 ± 14) GPa (Table 

4.2). This is a highly desirable property for metallic implants, since it provides 

higher biomechanical compatibility, as the mismatch of elastic properties of an 

implant made of a such low Young’s modulus alloy and the bone is reduced [15, 

16]. Elias et al. (2006) reported an elastic modulus of 50 GPa for the Ti–

35.3Nb–7.1Zr–5.1Ta (wt%) alloy. Some other works report a Young’s modulus 

of 50-70 GPa [26-31] for alloys with same nominal composition. Elias et al. 

(2006) state that these values should be taken carefully, since the alloy shown a 

non-linear elastic behavior [26, 84]. 
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The true stress-true strain curves of representative specimens from the 

as-cast and heat-treated conditions are presented (Figure 4.9). A continuous 

yielding is observed in the as-cast sample, and a sharp yield point is detected in 

the specimen submitted to homogenization heat treatment. Bönisch (2016) 

found similar results in a Ti-44.5Nb (wt%) alloy [84]. The non-continuos yield 

point is a phenomenon normally observed in interstitial solid solute 

strengthened alloys with body-centered cubic (BCC) structure, and it is related 

to interactions between interstitial solute atoms and dislocations in the onset of 

the plastic deformation of alloys, an effect known as Cottrell atmosphere, 

resulting in higher mechanical strength [109-111]. 
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Figure 4.9. True stress-true strain curves of samples of the TNZT alloy 

produced by Cu-mould suction casting and submitted to homogenization heat-

treatment. 

 

The yield strength, σYS, and compressive stress at 35% strain, σ35%, are 

obtained from the compression tests for as-cast and heat-treated samples. On 

both conditions, the samples presented compressive strain above 60%, and the 
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test had to be interrupted due to strain measurement issues, without breaking 

the specimens. The specimens in the heat-treated condition shown a higher 

mechanical resistance under compression (σYS = 517 MPa and σ35% = 787 

MPa) than the as-cast sample (σYS = 469 MPa and σ35% = 686 MPa), and some 

strain hardening is observed for either cases, opposed to an elastic perfectly 

plastic behavior previously reported [26]. In the as-cast condition, a two-phase 

structure is observed: β-Ti matrix with α” laths. The grain structure was different 

on both conditions: the grain size was approximately two-fold greater in the 

heat-treated samples than in the as-cast samples. Therefore, in order to explain 

the compression properties of these samples, three important facts should be 

considered:  

i) The homogenization heat treatment resulted in a solute 

redistribution, which was maintained in the subsequent water 

quenching. This caused a more powerful solid solute 

strengthening of the β-Ti phase, increasing the mechanical 

resistance of the alloy; 

ii) The strengthening effect of fine martensitic laths in β-Ti alloys [25, 

27, 84, 85] was not so evident, which should be related to a low 

volume fraction of α”;   

iii) The heat treatment was performed at 1000 °C for 24 h, followed 

by water quenching. Although the samples were encapsulated in 

argon and the furnace atmosphere was kept with pure argon 

(99.99% of purity) throughout the whole treatment, the high affinity 

of the alloy may have led to oxygen pickup. In addition, it has been 

demonstrated that water quenching of Ti-Nb alloys induced higher 

oxygen content in the samples [107]. It is widely recognized that 

oxygen is an important interstitial solid solution strengthener of β-

Ti alloys, and, therefore, a broad range of yield strength is 

achievable for Ti-35Nb-7Zr-5Ta (wt%) by controlling the oxygen 

content [28, 31, 108]. Therefore, a higher solid solution 

strengthening effect on the heat-treated condition, both by 

substitutional solid solution and especially by interstitial solid 
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solution effect of oxygen, may have led to higher compressive 

stress in samples of the TNZT alloy submitted to heat treatment. 

 

The pseudoelasticity of the Ti-35Nb-7Zr-5Ta (wt%) alloy produced by Cu-

mould suction casting and submitted to homogenization heat-treatment was 

obtained by the recoverable strain, εse, in cyclic compression tests (Figure 

4.10).  

 

 

Figure 4.10. True stress-true strain curves obtained in cyclic compression tests 

of specimens of the TNZT alloy in the as-cast (a) and heat-treated (b) 

conditions. 
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It is known that the pseudoelastic behavior is based in a recoverable 

stress-induced austenite-martensite phase transformation, which is dependent 

on the chemical composition of the Ti-Nb-based alloy and the 

thermomechanical history of the sample [25, 27, 87]. 

In case of the as-cast samples, a recoverable strain εse = 1.5% is 

observed (Figure 4.10a), while in the homogenized specimens, the recoverable 

strain was limited to the first step of 0.5% strain (Figure 4.10b). For a binary 

alloy Ti-40Nb (wt%), a recoverable strain of 2.5% was reported at room 

temperature [25, 27], and Tahara et al. (2010) reported an elastic recoverable 

strain, εse, of 3.0% in a Ti–35Nb–5Zr–5Ta (wt%) annealed at 600 °C for 1 h 

after cold rolling [31]. Two competitive deformation mechanisms exist in Ti-Nb 

alloys: stress-induced martensitic transformation and permanent plastic 

deformation, with the dislocation structure playing a decisive role. The 

mechanism with lower critical stress starts first, which in turn decrease the 

extent of the other deformation mechanism [25, 27, 84, 85, 88]. Both as-cast 

and heat-treated samples have substitutional solid solution as main 

strengthening mechanism, although higher oxygen content may have had an 

important effect in the heat-treated samples. Therefore, the plastic deformation 

is possibly more favored than the stress-induced martensitic transformation, 

resulting in a modest pseudoelasticity of the samples. 

 

4.2 Processing the Ti-35Nb-7Zr-5Ta (wt%) Alloy by Selective Laser Melting 

4.2.1 Powder properties 

The chemical composition of the powder, obtained via wet-chemical 

analysis (ICP-OES and CGHE), is Ti-34.5Nb-6.5Zr-4.5Ta-0.02O (wt%), with a 

slight difference from the nominal chemical composition and from the as-cast 

samples, although the oxygen content in the powder is lower than in the as-cast 

condition (Table 4.3). The bulk chemical analysis of Ti, Nb, Zr and Ta in the as-

cast samples was performed by ICP-OES (Table 5.3). 
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Table 4.3. Chemical analysis of the Ti-35Nb-7Zr-5Ta (wt%) powder and 

as-cast samples. 

Sample Ti (wt%) Nb (wt%) Zr (wt%) Ta (wt%) O (ppm) 

TNZT-as-cast 53.4 ± 0.5 34.7 ± 0.5 7.1 ± 0.3 4.6 ± 3.4 
900 ± 

30 

TNZT-powder 53.9 ± 0.4 34.5 ± 0.3 6.5 ± 0.4 4.5 ± 0.4 
160 ± 

10 

 

The phase constitution of the gas-atomized TNZT powder was 

investigated by XRD. It is noticed the resulting pattern of a β single phase 

structure (Figure 4.11). A similar result was observed in a gas-atomized Ti-

42.6Nb (wt%) powder [112] and the high cooling rate associated to the gas 

atomization of the TNZT alloy, with a high content of β stabilizing elements, 

resulted in a β structure at room temperature.  
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Figure 4.11. Diffractogram of the TNZT-powder used in the selective laser 

melting experiments. 

 



70 

 

The TNZT-powder was further characterized by TEM, and a β single 

phase structure was indexed in the SAED pattern (Figure 4.12), corroborating 

with the XRD pattern. 

 

 

Figure 4.12. Selected area electron diffraction (SAED) pattern of β-Ti structure 

in the TNZT-powder. 

 

The powder was analyzed by X-ray computed micro-tomography (µ-

XCT) and a cross section of the powder sample is presented (Figure 4.13a). 

The morphology of the powder is mainly spherical. It may be also noticed that 

some particles appear brighter than others. This is directly related to the 

chemical composition of the particle: elements with higher atomic mass (Nb and 

Ta, for instance), when exposed to X-ray absorbs more energy, resulting in the 

contrast observed in the image. The same explanation applies for pores: as the 

voids are filled with air, the interaction with X-ray yields black spots in the image 

(no energy absorption), and, therefore, pores are not observed in the 

tomography of the powder. 

The morphology of the powder is further assessed by scanning electron 

microscopy (SEM). The powder discloses spherical shape (Figure 4.13b), with a 

smooth surface without cracks (inset in Figure 4.13b). A slight presence of 
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satellites is observed, which is related to particles adherence to the surfaces of 

larger ones due to collisions during atomization. Those features are somehow 

common seen in gas-atomized powders of Ti and Ti-based alloys [44, 112]. 

Pores or voids within the particle are not observed. In addition, chemical 

microanalysis in a sample of powder metallographically prepared was 

performed with the energy-dispersive X-ray (EDX) detector in the SEM (Figure 

4.13c-f). The results seen in the μ-XCT image is confirmed: a chemical 

inhomogeneity in the TNZT powder particles is noticed, with some particles 

richer in Ti-Ta and lower content or absent of Nb and Zr. 

 

 

Figure 4.13. μ-XCT slice image of the powder (a); SEM image of the gas-

atomized TNZT powder (b) and EDX maps in a metallographically prepared 

sample (c-f). 
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Furthermore, it is known that selective laser melting requires powder 

characteristics which are important for ensuring reproducibility and repeatability. 

The main characteristics of the powder for SLM are particle size and shape, 

surface morphology, composition and internal porosity, which dictates the 

powder flowability and packing behavior. These powder characteristics impact 

the bulk material properties of the fabricated component such as density and 

porosity [41-44]. The particle size distribution of the TNZT-powder (PSD) used 

in the selective laser melting was assessed by μ-XCT and is plotted in Figure 

4.14a as relative and cumulative frequencies of the equivalent spherical 

diameter, which approximates the particle to an equivalent sphere [44].  
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Figure 4.14. (a) Particle size distribution (PSD) of the TNZT powder used in the 

selective laser melting process; (b) sphericity (c) and anisotropy of the particles. 

 

The PSD follows a Gaussian distribution, slightly positively skewed 

(dislocated to the left, predominantly small particles), with d50 = 32.5 μm. The 

10th and 90th percentile of particles, d10 = 17.5 μm and d90 = 52.5 μm, 

demonstrate a narrow particle size distribution of the TNZT powder, normally 
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desirable to be used in selective laser melting: the ratio d90/d10 = 3, means a 

good balance of small particles that results in higher densification with coarse 

particles which improves the powder flowability during the recoating step in the 

selective laser melting process [44, 112-116]. The sphericity, Ψ, (Figure 4.14b) 

and anisotropy (Figure 4.14c) of the powder particles are also plotted. It is 

noticed the majority of particles present sphericity, Ψ = 1, and are 

predominantly isotropic (ratio of particle width, W, and particle length, L, equal 

to 1). 

 

4.2.2 Parameters Optimization 

Selective laser melting is a complex transformation process, which 

follows a routine from a “line” to a “layer” and to a “bulk” [4]. In order to attest 

the processability of the Ti-35Nb-7Zr-5Ta (wt%) alloy by selective laser melting 

and identify the optimum processing parameters to manufacture highly 

densified bulk samples of the TNZT alloy, single tracks (20 mm of length) are 

firstly produced using two different laser power 61 and 129 W and varying the 

scanning speed between 0.30 and 4.0 m/s. The aspects related to the quality of 

the tracks are of utmost importance in defining the optimized SLM parameters. 

The tracks must be uniform and continuous [117-120]. In the case of single 

tracks produced with 61 W and scanning speed of 0.75 m/s discontinuities and 

the balling effect occurs, as result of melt pool instability (Figure 4.15a). With a 

laser power of 129 W, discontinuities appear on single tracks of the TNZT alloy 

with scanning speed of 1.0 m/s (Figure 4.15b). The linear energy input effect on 

the track widths is investigated and the correlation between the linear energy 

input and track width shows that the track width increases as the scanning 

speed decreases in a similar fashion for both laser power used (Figure 4.16). 

As scanning speed is reduced in a fixed laser power, the energy applied to the 

powder is higher, resulting in a wider melt pool [117-120]. 
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Figure 4.15. Deposited single tracks by selective laser melting of the TNZT 

powder, with laser power 61 W and scanning speed 0.75 m/s (a) and 129 W 

and scanning speed 1.0 m/s (b). 
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Figure 4.16. Track width as a function of linear energy input of single tracks of 

the Ti-35Nb-7Zr-5Ta (wt%) powder (SLM single tracks), with laser power 61 

and 129 W and varying scanning speed from 0.30-4.0 m/s. The linear energy 

input is given by: El = Pl/vs. 

 

Outer-shell of cylinders (SLM-contours) with 3 mm external diameter and 

6 mm height were melted without defining a hatching distance. This sample 

discontinuites 

balling 100 μm discontinuites 

a) b) 



76 

 

geometry was selected since the contours resemble more closely bulk samples 

than single tracks. The laser power was kept 129 W with scanning speed in the 

range 0.33-4.00 m/s. The same relationship between scanning speed and wall 

thickness is obtained: as the scanning speed increases, the contours’ wall 

thickness decreases, which is related to the SLM processing parameters, the 

alloy itself and, therefore, the melt pool [117, 118]. The micrographs of the 

contours are shown in Figure 4.17. 

 

Figure 4.17. Micrographs of SLM-contours of the Ti-35Nb-7Zr-5Ta (wt%) alloy 

manufactured by selective laser melting, with 129 W and varying scanning 

speed: 0.33 m/s (a); 2.67 m/s (b); 0.57 m/s (c) and SEM image of the contour 

produced with 0.57 m/s (d). 

 

The thickness, uniformity and continuity of the contours were assessed 

by optical and scanning electron microscopy. On this manner, the stability 

(stable, unstable, and balling) and shape of the melt paths could be assessed. 

A wide and continuous wall thickness with a width of (267 ± 13) μm is formed, 

2.67 m/s 0.33 m/s 

400 μm 

0.57 m/s 

50 µm 

a) b) 

c) d) 
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characterized by an irregular track at scanning speed of 0.33 m/s (Figure 

4.17a), which corresponds to a linear energy input of 387 J/m. The higher linear 

energy input leads to an increase of the melt pool volume with a lower liquid 

melt viscosity, resulting in irregularities on the contour [117, 118]. A scanning 

speed of 0.57 m/s leads to a track width of (215 ± 11) μm, with a uniform and 

smooth surface (Figure 4.17c and d). If the energy input becomes 48 J/m (PL = 

129 W, vs = 2.7 m/s), a track width of (161 ± 24) μm is formed, discontinuities 

and the so-called balling effect appear in the melted track (Figure 4.17b). A 

further decrease of the linear energy input (32 J/m) at the highest scanning 

speed of 4.00 m/s leads to a smaller melt volume and the energy input is no 

longer enough to melt the powder. 

In the next step and based on single tracks and contours evaluation, bulk 

samples (Figure 4.18) were produced with scanning speed of 0.33, 0.57 and 

2.67 m/s, and overlapping of 25, 50 and 75% on each scanning speed, while 

keeping the laser power of 129 W, layer thickness of 40 µm and unidirectional 

scanning strategy with 79° scanning vector rotation between successive layers 

(cross-hatching). 

 

 

 

z ≡ BD 

y 

x 

TNZT-SLM-vertical 

 

Figure 4.18. Bulk cylinders of the TNZT alloy manufactured by selective laser 

melting. BD is the building direction. 
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Next, the hatching distance (distance between tracks) is further optimized 

keeping the scanning speed at 0.57 m/s and an overlapping range of 10-75%. 

Therefore, the energy input was varied in a broad range and its effect on 

densification of the bulk samples is evaluated. 

The porosity of the as-built cylinders was evaluated by means of X-ray 

computed micro-tomography (μ-XCT). The density of the samples is measured 

by the Archimedes technique and related to the Cu-mould suction-cast sample 

with porosity < 0.01%. The results are plotted as function of the volumetric 

energy input, Ev (Figure 4.19).  
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Figure 4.19. Dependence of relative density of bulk samples measured by 

Archimedes technique and computed micro-tomography (µ-XCT) on energy 

input of selective laser melted samples. The volumetric energy input is given by: 

. 

 

The relative densities of the specimens (Archimedean) are within 93.0-

99.0% and the relative density obtained from μ-XCT reconstruction amounts to 

98.4%–99.9%. The results for the two techniques deviate, with greater relative 

density measured by tomography, which is related to the fact that the µ-XCT 
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technique has a limited resolution. Furthermore, the surface roughness of the 

as-built cylinders, results in air bubbles sticking to the sample surface during the 

density measurements by Archimedean method, which can also influence the 

measured density of the samples. The surface roughness is related to the melt 

pool stability, and the higher the scanning speed the less stable is the melt pool, 

which may explain the greater discrepancies in the relative densities of samples 

produced with lower energy input. 

In order to produce samples with highest density, an optimal combination 

of laser power, scanning speed, layer thickness, and hatching distance 

(converted here to overlapping) is required to minimize porosity [40, 50, 52]. As 

was seen, the powder presented practically no voids or porosities and, 

therefore, powder-induced porosity is not observed in the selective laser melted 

parts. The porosity is high in samples produced with scanning speed of 2.67 

m/s and overlapping of 50%, resulting in an energy input of 25.7 J/mm³, which 

is not enough to completely melt the powder, resulting in samples with the 

lowest relative density of 93.0% of the as-cast reference sample (Figure 4.20a 

and b). It is known that pores induced by processing technique, known as 

process-induced porosity, are formed when the applied energy is not enough for 

complete melting or spatter ejection occurs. These pores are typically non-

spherical due to a lack of fusion and appear in a variety of sizes (sub-micron to 

macroscopic), which may be identified with un-melted powder particles visible in 

or near the pore [2, 3, 7, 9, 11, 38-40]. This is the case of the samples produced 

with lowest energy input (TNZT-LE).  

Furthermore, it may be noticed that samples produced with higher energy 

not necessarily presented higher density. This is because when the energy 

input is too high, spatter ejection may occur in a process known as keyhole 

formation, resulting in higher porosity due to powder evaporation in the melt 

pool [2, 3, 7, 9, 11, 38-40]. This is the case of samples produced with highest 

energy input of 168.5 J/mm³ (TNZT-HE), with a scanning speed of 0.33 m/s and 

overlapping of 75%, resulting in a density of 97.8% relative to the reference 

sample (Figure 4.20c and d). The maximum density of bulk samples is attained 

when the scanning speed of 0.57 m/s and overlapping of 50% are adjusted to 
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the laser power of 129 W, layer thickness of 40 µm and unidirectional hatching 

strategy 79° rotation between layers, resulting in an energy input of 58.3 J/mm³ 

(TNZT-SLM-vertical). With this set of parameters, the part achieved the highest 

density of 99.0% relative to the as-cast reference sample (Archimedean 

method), and pores are hardly seen in the microstructure (Figure 4.20e and f). 

This is recognized as the optimized parameters set for selective laser melting of 

the Ti-35Nb-7Zr-5Ta (wt%) alloy on this work. 
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Figure 4.20. Micrographs and µ-XCT reconstructed 3D images of the selective 

laser melted samples produced with 129 W and three set of parameters: (a) and 

(b) 2.67 m/s, 50%, 25.7 J/mm³ (TNZT-LE); (c) and (d) 0.33 m/s, 75%, 168.5 

J/mm³ (TNZT-HE) and (e) and (f) 0.57 m/s, 50%, 58.3 J/mm³ (TNZT-SLM-

vertical). 
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4.2.3 Microstructure of bulk samples of the Ti-35Nb-7Zr-5Ta (wt%) alloy 

manufactured by selective laser melting 

The chemical composition of the TNZT-SLM-vertical sample, obtained 

via wet-chemical analysis (ICP-OES and CGHE), is shown in Table 4.3. The 

composition of the samples is approximately equal to the TNZT-powder 

composition. An oxygen pickup is observed in the selective laser melted 

samples. Nonetheless, the oxygen content in the TNZT-SLM-vertical sample is 

approximately equal to the TNZT-as-cast sample, and within the alloy 

specification [28]. 

 

Table 4.3. Chemical analysis of the TNZT powder, as-cast and as-built 

samples. 

Sample Ti (wt%) Nb (wt%) Zr (wt%) Ta (wt%) O (ppm) 

TNZT-as-cast 53.4 ± 0.6 34.7 ± 0.5 7.1 ± 0.3 4.6 ± 3.4 
900 ± 

30 

TNZT-powder 53.9 ± 0.4 34.5 ± 0.3 6.5 ± 0.4 4.5 ± 0.4 
160 ± 

10 

TNZT-SLM-
vertical 

53.3 ± 0.3 34.1 ± 0.3 6.4 ± 0.3 5.5 ± 0.7 
990 ± 

20 

 

The phase constitution of the selective laser melted bulk samples of the 

TNZT alloy was analyzed by X-ray diffraction and the resulting pattern of a 

representative sample is shown in Figure 4.21. A β single-phase structure is 

identified in the as-built sample, which means that the high cooling rate of SLM 

led to fully stabilized β phase in the Ti-35Nb-7Zr-5Ta (wt%) alloy at room 

temperature. Therefore, it is seen that the selective laser melting process 

maintained the crystal structure of the powder, similarly to results reported in 

selective laser melting of a Ti-42Nb (wt%) [112] and a Ti-45Nb powder [82]. 

Zhang et al (2018) reported that a Ti-30Nb-5Ta-3Zr (wt%) processed by SLM 

consisted of a majority β phase and a minority of α” phase, which is related to 

the lower amount of β stabilizing elements, especially Nb content, than the alloy 

investigated on the present work [121]. 
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Figure 4.21. Diffractogram of the TNZT-SLM-vertical sample produced by 

selective laser melting. 

 

The microstructure of the as-built sample produced by SLM with the 

optimized parameters set (TNZT-SLM-vertical) is shown in metallographic 

prepared samples of the building direction cross-section (Figure 4.22a-b), with a 

semiquantitative chemical analysis obtained by energy-dispersive X-ray 

spectroscopy (EDX) microanalysis (Figure 4.22c-f). The melt pools are clearly 

observed and the melt pool boundaries are identified in the micrograph, which is 

related to microsegregations (dash lines in Figure 4.22a) and has been 

observed in micrographs of other systems, e.g., AlSi10Mg, 316L, 18Ni300 

maraging steel, and Inconel 718, produced by SLM [36]. 

The overview image (Figure 4.22a) shows that the as-built sample is 

homogeneously densified. The chemical contrast of the image obtained in SEM 

with BSE detector shows some brighter regions in the part, related to elements 

with higher atomic mass, seen in more detail in Figure 5.22b.  
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Figure 4.22. Microstructure of as-built sample produced by SLM (TNZT-SLM-

vertical) observed with scanning electron microscopy: (a) Chemical contrast 

obtained by back-scattered electrons (BSE); (b) secondary electron image of a 

Ta-enriched region (c-f) and energy-dispersive X-ray spectroscopy (EDX) maps. 

 

With the EDX maps, it is confirmed that Ta-enriched powder particles, 

which were detected in the TNZT-powder characterization, results in Ta-

enriched regions of the SLM part, as they are not completed dissolved in the 

matrix. A similar result is reported by Sing et al (2018), with a Ti-Ta alloy 

processed by selective laser melting. The authors report that fully dense Ti-Ta 

parts were produced, with laser power of 360 W, scan speed of 400 mm/s, 

powder layer thickness of 50 µm and hatch spacing of 125 µm, resulting in an 

energy input of 144 J/mm³, which is higher than the energy input used in the 

50 µm 5 µm 

a) b) 

c) d) 

e) f) 
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present work to produce high density bulk TNZT samples (58.3 J/mm³). 

Nonetheless, it was reported that un-melted Ta particles are observed and a 

further increase in energy density is necessary to completly melt tantalum 

particles, due to the high melting point of tantalum (3020 °C) [122]. 

The solidification structure of the SLM samples is shown in Figure 4.23. It 

is seen that the solidification microstructure of the as-built selective laser melted 

samples is distinct from the Cu-mould suction-cast sample: A fine columnar-

dendritic structure is observed in the SLM samples (Figure 4.23a) and an 

equiaxed dendritic structure was seen in the as-cast samples. It is reported that 

such columnar-dendritic structures are widely observed solidification 

microstructures in additive manufacturing of metals, and it is related to thermal 

gradients on the order of 106 K/m and cooling rates of the order of 106 K/s of the 

selective laser melting process [7, 11, 38, 39, 66, 74, 112, 123]. About the two 

mentioned parameters, the thermal gradient in the liquid GL has influence on 

the solidification front stability and it is material dependent: it is higher for low 

conductive materials (e.g., Ti and its alloys). It is also dependent on the 

process, as it is known to be higher for high energy input processes such as 

laser or electron beam melting. 

 

 

Figure 4.23. Solidification structure of as-built samples of the TNZT alloy 

produced by selective laser melting: (a) competitive growth of dendrites with 

epitaxial growth; (b) columnar dendritic structure inside the melt pool. 

5 µm 

z ≡ BD 

a) 

2.5 µm 

b) 
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For polycrystalline materials, the grain growth direction is parallel to the 

maximum heat flow direction, which is normal to the solidifying surface of the 

melt pool [58] Therefore, columnar grains grow from the boundary of the melt 

pool towards the center along location dependent directions during solidification 

in selective laser melting of the Ti-35Nb-7Zr-5Ta (wt%) alloy. On this way, 

dendrites with easy-growth directions aligned closely with the maximum heat 

flow direction at the solid/liquid interface achieve competitive growth during the 

solidification process (Figure 4.23b). Bright field TEM image of the SLM bulk 

sample, with selected area electron diffraction (SAED) pattern is shown in 

Figure 4.24. A β-Ti single phase was indexed, corroborating with the XRD 

patterns. 

 

 
 



87 

 

 

Figure 4.24. (a) Bright Field TEM image; (b) SAED patterns of the β-Ti grains 

shown in the previous images and (b) simulated SAED pattern for zone axis 

[101]. The diffractions confirm the presence of only β-Ti. 

 

The grain size, morphology, orientation and crystallographic texture of 

the as-built SLM samples was further investigated by electron back-scattered 

diffraction (EBSD) experiments. The analysis was performed at the middle of 

the sample, which was cut in the longitudinal direction (y-z, building plane). β-Ti 

single phase was indexed in the EBSD experiment. The inverse-pole figures 

(IPF) show columnar grains growing epitaxially through several layers, oriented 

in the building direction (Figure 4.25a-c). In addition, it is observed that the 

columnar grains are slightly tilted away from the building direction. The 

explanation is that as the layers are scanned with a rotating scanning strategy, 

the grain growth is affected in the melt pool for each layer, with a tilting angle 

dependent on the scanning strategy. Thijs et al. (2010) and Simonelli et al. 

(2014) observed similar results in SLM of a Ti-6Al-4V (wt%) alloy [8, 124]. 

 

(b) 

(c) 
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Figure 4.25. Electron back-scattered diffraction maps of as-built SLM sample:  

Inverse-pole figure (IPF) in the x- (a), y- (b) and z- (c) axis, and pole figure in 

the {100}, {110} and {111} stereographic planes (d). The inset is the IPF 

orientation reference. 

 

It is known that grain grows in SLM during solidification from previously 

deposited layers, and ultimately determines the crystallographic texture of the 

structure through partial or complete melt-back of the previously formed 

underlying layer [74]. The growth direction and velocity of the solidification 

structure of the AM component are dependent on both crystallographic 

orientation and local heat flow direction [11], and the preferential growth 

direction for cubic crystals is the <100> direction. The pole figure in the {100}, 

{110} and {111} stereographic planes (Figure 4.25d) show a crystallographic 

texture in selective laser melting of the TNZT alloy, with preferential direction of 

grain growth closely aligned in the <001> build direction, opposed to randomly 

oriented grains observed in the Cu-mould suction-cast samples. Similar 

behavior has been reported in a Ti-Nb-Sn [123], Ti-6Al-4V [8, 68, 124]  Ti-45Al-

2Cr-5Nb [125], Ti–15Mo–5Zr–3Al [126], and Ti-5553 [127] alloys processed by 

200 μm 
z ≡ BD 

a) b) c) 

d) 
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SLM, with a columnar-dendritic growth along the <100> crystallographic 

orientation with {001} texture confirmed by the pole figure. 

The crystallographic grain size was also determined from the EBSD 

experiments. Since the grain presents an elongated morphology the linear 

intercept procedure was applied (ASTM E112-13), and the mean transversal 

linear intercept length,  = 72 µm, and mean longitudinal linear intercept length, 

 = 327 µm, were determined. This result is related to an epitaxial growth of the 

columnar grains oriented in the building direction, with grains growing through 

several layers, since the layer thickness used was 40 µm. Antonysamy et al. 

(2013) and Thijs et al. (2010) reported columnar grains with 100 µm up to 

millimeter of length in a Ti-6Al-4V produced by SLM [8, 68]. As a comparison, 

the  =  = 120 µm was obtained in the Cu-mould suction-cast samples, which 

is directly related to the difference in the solidification conditions of selective 

laser melting and Cu-mould suction casting techniques. Furthermore, there 

appears to be a secondary grain formation mode and a fine-grained region is 

observed between the columnar grains, with no specific texture as seen in the 

colors of the IPF maps (regions limited by dash lines in Figure 5.25b). This is 

related to a higher energy input due to overlapping between tracks, where the 

laser re-melts an adjacent solid track resulting in a higher cooling rate if 

compared to a track of powder being melted. A similar feature has been 

reported by in a nickel superalloy [128] and a Cu-11.85Al-3.2Ni-3Mn (wt.%) 

alloy processed by selective laser melting [120]. 

 

4.2.4 Sample orientation and laser remelting effect on the microstructure 

of SLM samples 

Although, the TNZT alloy presents good processability by SLM, the 

microstructure is formed by columnar grains aligned in the building direction, 

which is expected to result in considerable mechanical properties anisotropy. 

Therefore, samples oriented at 0° (TNZT-0°horizontal) and 45° (TNZT-

45°degree) related to the base plate were produced by selective laser melting 

with the optimized parameters set: laser power 129 W, scanning speed 0.57 
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m/s, layer thickness 40 µm, 50% of overlapping and unidirectional scanning 

strategy rotating 79° between each layer (Figure 4.26). The grain size, 

morphology, orientation and the formation of crystallographic texture were 

assessed.  

 

 

Figure 4.26. Samples of the Ti-35Nb-7Zr-5Ta (wt%) alloy produced by SLM in 

different orientation. BD is the building direction. 

 

The microstructure of the samples was investigated by electron back-

scattered diffraction (EBSD) experiments. The analysis was performed in the y-

z building plane. The inverse-pole figure (IPF) in the y-axis (Figure 4.27a-b) and 

pole figure in the {100}, {110} and {111} stereographic planes (Figure 4.27c-d) 

are presented. A β-Ti single phase structure was indexed in the EBSD 

experiment for both conditions.  

 

10 mm 

z ≡ BD 

y x 

TNZT-45°degree 

TNZT-0°horizontal 
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Figure 4.27. Inverse-pole figure (IPF) in the y-axis of samples of the TNZT alloy 

produced by SLM: (a) TNZT-horizontal, (b) TNZT-45°degree, and respective 

pole figures for the (c) TNZT-0°horizontal and (d) TNZT-45°degree samples. 

The inset is the IPF orientation reference. 

 

It may be seen that different grain structure and crystallographic textures 

are developed. For the TNZT-horizontal sample a fine grain structure randomly 

oriented is observed, which confirms the effect of building orientation in the 

microstructure of selective laser melted samples of the Ti-35Nb-7Zr-5Ta (wt%) 

alloy. Meanwhile, in the TNZT-45°degree, columnar grains are seen growing 

epitaxially through several layers. On this case, the pole figures (Figure 4.27d) 

show a similar texture seen in the TNZT-SLM-vertical sample, but with a tilting 

200 μm 
z ≡ BD 

a) 

z ≡ BD 

y 

45° 

b) 

c) 

d) 
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angle, which is a result of the melt-pool directional solidification following the 

building direction [126]. 

The crystallographic grain size was determined from the EBSD 

experiments: The mean longitudinal linear intercept length/mean transversal 

linear intercept length of the TNZT-0°horizontal sample and TNZT-45°degree 

were 115/91 and 129/89, respectively. In the case of the TNZT-0°horizontal, a 

more equiaxed morphology with smaller grain size than in the TNZT-45°degree 

is seen, although on both cases, the mean longitudinal linear intercept length 

was significantly reduced in comparison TNZT-SLM-vertical sample (  = 327 

µm). For the TNZT-45°degree, what may explain the finer grain structure (as 

indicated with the mean longitudinal linear intercept length), is related to the 

need of supports to sustain the overhanging sample geometry in the SLM 

process, which affect the thermal history and cooling rate of the samples [129].  

Therefore, it shows that the building orientation of the samples in selective laser 

melting affected the grain size, morphology and orientation, and, therefore, the 

part properties and their anisotropy could be different according to the 

manufacturing strategy followed. 

The effect of part orientation on the microstructure of selective laser 

melted samples may be explained as follows. The thermal history in selective 

laser melting is related to the path the laser follows and, thus, the aspect ratio of 

a sample relative to the building direction has significant effect on its thermal 

history [77, 130-133]. Hence, the TNZT-SLM-vertical (tall and narrow) and 

TNZT-0°horizontal (short and wide) samples present distinct thermal conditions, 

affecting the microstructure. In fact, A. Yadollahi et al. (2017) observed that 

samples of 17-4PH stainless steel built in horizontal and vertical orientations 

presented distinct microstructure in terms of grain size and phase fractions. 

[133]. 

In order to investigate the effect of a laser remelting scanning strategy on 

the microstructure of samples processed by SLM, a second laser melting step 

was applied (TNZT-remelting). This involves, after scanning a layer and melting 

the powder, the same layer is scanned again before depositing a new layer of 

powder [103]. The parameters used were identical to the ones used in the 
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TNZT-SLM-vertical samples (referred as the optimized SLM parameters set): 

laser power 129 W, scanning speed 0.57 m/s, layer thickness 40 µm and 50% 

of overlapping. The laser remelting scanning strategy is aimed at improving the 

densification and surface finishing of parts produced by selective laser melting. 

Although, this strategy increases the production time and costs, it has the 

potential to eliminate post-processing steps as e.g. hot-isostatic pressing [103, 

134, 135].  

The solidification structure of the SLM samples TNZT-SLM-vertical (used 

here as reference) and TNZT-remelting is shown in Figure 4.28. A columnar-

dendritic morphology (inset in Figure 4.28) is observed in a β single phase 

solidification structure (confirmed by XRD). 

Some important effects of layer remelting on the part microstructure are 

detected. Firstly, the Ta-enriched regions are not so evident after applying the 

remelting step, meaning the higher energy input resulted in a more thorough 

mixing of Ta in the matrix. In addition, it is seen a shallower melt pool in the 

TNZT-remelting samples. This is related to the fact that the laser remelting step 

means melting a solid layer, with different thermal diffusivity than a powder layer 

in a single melting routine [134, 135]. On this sense, the higher thermal 

conductivity of the solid material resulted in smaller melt pool, a feature also 

reported on laser remelting of an Al-Si base alloy (A360.0), a M2 tool steel and 

a 18Ni300 maraging steel [103]. An important aspect is also observed in the 

solidification structure of the TNZT-remelting samples. Although the columnar-

dendritic morphology is maintained, a finer structure is formed. In fact, since a 

solid material is melted in the remelting step, a higher cooling rate is expected, 

resulting in a finer microstructure.  
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Figure 4.28. (a) Microstructure of the TNZT-SLM-vertical and (b) samples 

produced by SLM with a remelting step (TNZT-remelting). The insets shown the 

solidification structure with higher magnification. 

 

The microstructure of the TNZT-remelting samples was investigated by 

EBSD experiments in the y-z building plane (Figure 4.29), and the grain size, 

morphology, orientation and crystallographic texture is obtained. A β-Ti single 

z ≡ BD 

2.5 µm 

50 µm 

2.5 µm 

z ≡ BD 

50 µm 

a) 

b) 
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phase structure was indexed in the EBSD experiment, which means that phase 

transformation related to the remelting step is not detected. 

The inverse-pole figures (IPF) show columnar grains growing epitaxially 

through several layers, oriented in the building direction (Figure 4.29a-c) and a 

strong predominance of grains colored with red in the IPF-x image is seen 

(Figure 4.29a), which means a strong grain alignment effect. In fact, the pole 

figure in the {100}, {110} and {111} stereographic planes confirm the 

crystallographic texture (Figure 5.29d). On this case, a similar feature to TNZT-

SLM-vertical sample is seen, but with stronger texture, as result of the layer 

remelting procedure. 

 

 

z ≡ BD 

200 μm 

a) b) 

d) 

c) 

 

Figure 4.29. EBSD maps of a sample of samples submitted to laser remelting 

scanning strategy:  Inverse-pole figure (IPF) in the x- (a), y- (b) and z- (c) axis, 

and pole figure in the {100}, {110} and {111} stereographic planes (d). The inset 

is the IPF orientation reference. 

 

In addition, crystallographic grain size was determined from the EBSD 

experiments: The mean transversal linear intercept length of the TNZT-
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remelting sample was  = 220 µm. It is seen that, even with a higher energy 

input applied by adding a remelting step, the columnar grains are smaller than 

in the TNZT-SLM-vertical sample (  = 327 µm) with a single melting routine. 

This is related to the processing conditions on each case, with deeper melt pool 

produced when a layer of powder is melted in contrast to a layer of solid 

material in the remelting condition. In addition, a bimodal grain structure, with 

fine-grained region between columnar grains, is no longer observed after laser 

remelting, which is related to a uniform melting subsequent tracks, instead of 

remelting solid tracks (overlapping) when first melting the powder layer. 

Therefore, it is seen that the laser-material interaction had a decisive influence 

in the melt pool and, therefore, in the grain size of samples of the TNZT alloy 

produced by SLM, when comparing single melting and laser remelting scanning 

strategies. 

 

4.2.5 Homogenization heat treatment of SLM samples 

In order to homogenize the microstructure of the as-built selective laser 

melted samples of the Ti-35Nb-7Zr-5Ta (wt%) alloy, a homogenization heat 

treatment was applied at 1000 °C for 24 h under Ar atmosphere, followed by 

water quenching (TNZT-SLM-HT). The crystal structure identified in the XRD 

pattern of the homogenized samples is β single phase (Figure 4.30) and, 

therefore, the heat-treatment and following fast cooling did not change the 

phase constitution of the samples produced by selective laser melting. 

The microstructure observed by scanning electron microscope with a 

back-scattered electrons (BSE) detector shows a homogeneous chemical 

distribution (Figure 4.31). Therefore, it is seen that the Ta-enriched regions are 

no longer present, since a solute redistribution was obtained in the heat-

treatment. 
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Figure 4.30. Diffractogram of the selective laser melted sample submitted to a 

homogenization heat-treatment at 1000 °C for 24 h, followed by water 

quenching (TNZT-SLM-HT). 

 

200 μm

 

Figure 4.31. Micrograph of the selective laser melted sample submitted to a 

homogenization heat-treatment at 1000 °C for 24 h, followed by water 

quenching (TNZT-SLM-HT). 
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The homogenization heat treatment applied in the SLM sample resulted 

in an equiaxed grain structure, eliminating the columnar morphology seen in the 

as-built SLM samples. Nonetheless, a heterogeneous grain structure is 

observed with coarse and fine grains (Figure 4.31 and 4.32). The grain size was 

determined by the comparison procedure following the ASTM E112-12 

Standard. An ASTM grain size number, G = 3, was obtained, which means an 

average grain diameter of approximately 125 µm, with a different grain 

morphology compared to TNZT-SLM-vertical condition. In addition, the grain 

size in the selective laser melted samples submitted to homogenization heat-

treatment is smaller than the observed in the suction-casted samples heat-

treated in the same conditions (G = 1; 250 µm). Therefore, the initial 

solidification microstructure presented a direct influence on the grain growth 

mechanism during the heat treatment. The crystal orientation in the TNZT-SLM-

HT samples was also analyzed by EBSD. The IPF maps (Figure 5.32a-c) show 

absence of preferential orientation and, therefore, crystallographic texture is no 

longer observed after homogenization heat treatment of the selective laser 

melted samples, offering an important alternative to eliminate the 

microstructural anisotropy in the SLM samples. 

 

 

Figure 4.32. Electron back-scattered diffraction maps of the TNZT-SLM-HT 

sample:  Inverse-pole figure (IPF) in the x- (a), y- (b) and z- (c) axis. The inset is 

the IPF orientation reference. 

 

400 μm 

a) b) c) 



99 

 

4.2.6 Mechanical properties of bulk samples of the TNZT alloy 

manufactured by selective laser melting  

Compression test was performed in selective laser melted samples of Ti-

35Nb-7Zr-5Ta with three parameters set and energy input values: vs = 0.33 m/s, 

overlapping = 75%, Ev = 168.5 J/mm³ (TNZT-SLM-HE); vs = 0.57 m/s; 

overlapping = 50%; Ev = 58.3 J/mm³ (TNZT-SLM-vertical), and vs = 2.67 m/s; 

overlapping = 50%; Ev = 25.7 J/mm³ (TNZT-SLM-LE), which corresponds to 

three different bulk densities. The truss stress-true strain curves are presented 

in Figure 4.33.  

0 10 20 30 40 50 60
0

150

300

450

600

750

900

 

T
ru

e
 S

tr
e
s
s
 [

M
P

a
]

True Strain [%]

   TNZT-SLM-HE

   TNZT-SLM-vertical

   TNZT-SLM-LE

   TNZT-as-cast

 

Figure 4.33. True stress-true strain curves from compression tests of specimens 

produced by selective laser melting. HE and LE means high energy and low 

energy, respectively. 

 

The Young’s modulus, E, yield strength (stress at 0.2% strain offset), σYS, 

and compressive stress at 35% strain, σ35%, were obtained and results from the 

TNZT-as-cast condition and reported in literature are also presented for 

comparison (Table 4.4). 
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The first important result is the effect of porosity on compression strength 

of the selective laser melted samples. It is well known that density is a crucial 

factor for strength in SLM bulk samples, and higher porosity means lower 

mechanical strength [7, 11, 38, 39]. Still, there was no premature failure even in 

samples with high porosity and a compressive deformability above 60% was 

observed, and therefore, the samples present high ductility under compressive 

stress, similarly to the results reported by Schwab et al. [82] and Zhang et al. 

[121]. Another important impact of porosity is seen in the Young’s modulus (E) 

of the selective laser melted samples (Figure 4.34), where samples produced 

with highest scanning speed of 2.67 m/s, resulting in 7% of porosity, presented 

a Young’s modulus, E = (25 ± 4) GPa. 

 

Table 4.4. Compression properties of bulk samples of the TNZT alloy produced 

by SLM. σYS is the yield strength; σ35% is the compressive stress at 35% strain; 

E is the Young’s modulus;  is the transverse intercept length;  is the 

longitudinal intercept length; εse is the recoverable strain (pseudoelasticity). 

Sample 
σYS 

(MPa) 

σε=35% 

(MPa) 

E     
(GPa) 

εse 
(%) 

 /   

(µm) 

Relative 
density (%) 

TNZT-as-cast 
(reference) 

469 ± 42 686 ± 76 48 ± 4 1.5 30 / 30 100.0 

TNZT-SLM-HE 389 ± 26 702 ± 54 32 ± 1 - - 97.8 ± 0.2 

TNZT-SLM-vertical 430 ± 38 682 ± 05 45 ± 5 0.5 
327 / 
72 

99.0 ± 0.4 

TNZT-SLM-LE 293 ± 20 589 ± 03 25 ± 4 - - 93.0 ± 0.3 

Ti-45Nb [82] ≈ 380 ≈ 723 - - - 97.7 ± 1.3 

Ti-30Nb-5Ta-7Zr-0.1O 

[121] 
664 - 59.5 - - 99.2 

Ti-34Nb-5Zr-11Sn* 
[136] 

563 ± 38 - 53 ± 1 - - 99.0 

*Tensile test. 
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The Young’s modulus of the SLM samples are shown in Figure 4.34. It is 

noticed that highest density (TNZT-SLM-vertical) samples presenting a Young’s 

modulus of (45 ± 5) GPa, close to the as-cast condition. Nonetheless, the 

Young’s modulus values obtained must be taken carefully and a more precise 

technique such as nanoindentation should be performed to confirm. Zhang et al. 

(2018), processed TNTZ lattice structure samples with porosity of 77.23% and 

Young’s modulus of ~19.0 GPa by selective laser melting [121]. Therefore, the 

results in the present work disclosure an important alternative to tune the 

mechanical biocompatibility in terms of stiffness of samples of the Ti-35Nb-7Zr-

5Ta (wt%) alloy, since a wide range of Young’s modulus is obtained. 
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Figure 4.34. Young’s modulus (E) of bulk samples of the Ti-35Nb-7Zr-5Ta 

(wt%) alloy produced by SLM. 

 

The TNZT-SLM-vertical sample, which shown highest density, presented 

slightly lower mechanical strength (σYS = 430 MPa and σ35% = 682 MPa) than 

the Cu-mould suction-cast samples (σYS = 469 MPa and σ35% = 686 MPa). 
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Strain hardening is observed for either cases and no distinct yield point is seen. 

This is mainly related to the distinct solidification structure, grain size, 

morphology and orientation resulted from the two manufacturing processes. In 

fact, a equiaxed dendritic solidification structure is observed in the TNZT-as-

cast sample with randomly oriented equiaxed grains (  /   = 120/120), and a 

fine columnar dendritic solidification structure is seen in the TNZT-SLM-vertical 

samples, with columnar grains (  /    = 327/72) preferably oriented in the 

building direction. In addition, a low volume fraction of α” was formed in the as-

cast samples, which results in a strengthening effect of the β matrix, while a β 

single phase structure was observed in the SLM samples. Plus, since the solid 

dissolved in the matrix is enhanced in selective laser melting, the 

microsegregatioin observed in the Cu-mould suction-casted is no longer seen in 

the selective lase melted samples.  

Zhang et al. (2018) reported mechanical properties of a Ti-30Nb-5Ta-

7Zr-0.11O (wt%) biocompatilble alloy, in samples processed by SLM with 

99.2% of relative density [121]. The authors report a Young’s modulus of 59.5 

GPa and yield strength of 664 MPa, which are higher than the obtained in the 

TNZT-SLM-vertical samples of the present work. The authors show that the as-

printed part consisted of a majority β phase and a minority of fine α” martensitic 

laths (average length 0.8 μm), which is related to the lower Nb content, a 

powerful β stabilizer element [121]. It is known that α” martensitic laths increase 

the mechanical properties of Ti-Nb-based alloys [27, 84, 85], which explains the 

higher yield strength reported by the authors. 

In another work, Zhang et al. (2011) processed a Ti–34Nb–5Zr–11Sn 

(wt%) biocompatible alloy by SLM, with oxygen content measured by carrier 

gas hot extraction of 2100 ppm [136]. The authors report that the samples 

tested under tensile loading applied on the build direction presented a Young’s 

modulus of ≈ 53 GPa, an ultimate tensile strength of ≈ 660 MPa and a ductility 

exceeding 10%. The authors states that the building direction is the weakest 

direction for samples produced by SLM. This could explain the lower yield 

strength observed in the Ti-35Nb-7Zr-5Ta (wt%) alloy compared to as-cast 

samples, although the compression properties were comparable to a Ti–35Nb–
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5Zr–5Ta alloy (wt%) (σYS = 400 MPa), a similar composition processed by 

conventional methods [31]. 

The pseudoelasticity of the TNZT alloy produced by selective laser 

melting with relative density of 99.0% (TNZT-SLM-vertical) was obtained in 

cyclic compression tests (Figure 4.35). The recoverable strain was limited to the 

first step of strain, εse = 0.5%, lower than in the as-cast samples (εse = 1.5%). 

This result is related to the β phase stability, since solute concentration in the 

matrix is enhanced in selective laser melting and the microsegregatioin 

observed in the Cu-mould suction-cast is no longer seen. Another aspect is the 

lower yield strength of the selective laser melted samples compared to the as-

cast samples, since permanent plastic deformation competes with the stress-

induced phase transformation mechanism [25-28, 88, 107].  
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Figure 4.35. True stress-true strain curves obtained in cyclic compression tests 

of specimens produced by SLM. 

 

A similar result is reported for a Ti–34Nb–5Zr–11Sn (wt%) samples 

processed by SLM [136]. According to the authors, the absence of 

pseudoelasticity was caused by a high oxygen content (2100 ppm), enhancing 
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the β phase stability and preventing the phase transformation, which is not 

necessarily the case here, since the oxygen of the SLM samples were 

practically the same as the as-cast sample. However, this feature, combined 

with higher cooling rates in SLM and, thus, enhanced β phase stability at room 

temperature in the TNZT-SLM-vertical samples, contributed for the lower 

pseudoelasticity in the as-built samples. 

Although the TNZT alloy presented good processability by SLM, it was 

seen that the microstructure of the TNZT-SLM-vertical samples is formed by 

columnar grains aligned in the building direction, and different grain structure 

and crystallographic textures develops depending on sample orientation. For 

the TNZT-0°horizontal sample a fine grain structure randomly oriented was 

observed, and in the TNZT-45°degree, columnar grains are seen following the 

part orientation. Furthermore, samples with laser remelting scanning strategy 

also shown effect on the microstructure (TNZT-remelting).  On this case, 

although the columnar-dendritic morphology is maintained, a finer structure and 

stronger crystallographic texture is observed, when compared to the TNZT-

SLM-vertical samples. Finally, a homogenization heat treatment was applied on 

the as-built selective laser melted samples (TNZT-SLM-HT). The grain size, 

morphology, orientation and crystallographic texture analysis showed equiaxial 

grains absent of preferential orientation and, therefore, crystallographic texture 

is no longer observed after homogenization heat treatment of the selective laser 

melted samples. 

In order to investigate those effects on the mechanical properties of the 

Ti-35Nb-7Zr-5Ta (wt%) alloy processed by selective laser melting, compression 

test was performed, and true stress-true strain curves are shown in Figure 4.36 

and the properties are summarized on Table 4.5. 
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Table 4.5. Compression properties of bulk samples produced by SLM in 

different orientations, with laser remelting strategy and submitted to heat 

treatment. 

Sample 
σYS       

(MPa) 

σε=35% 

(MPa) 
E 

(GPa) 
εse 
(%) 

 /   (µm) 
Relative 
density 

(%) 

TNZT-SLM-vertical 
(reference) 

430 ± 38 682 ± 05 45 ± 5 0.5 327 / 72 99.0 ± 0.4 

TNZT-0°horizontal 442 ± 16 696 ± 02 50 ± 7 0.5 115 / 91 98.7 ± 0.6 

TNZT-45°degree 476 ± 10   734 ± 12 54 ± 4 0.5 129 / 89 99.0 ± 0.4 

TNZT-remelting 455 ± 40 721 ± 14 43 ± 5 0.5 220 / 99  99.4 ± 0.5 

TNZT-SLM-HT 471 ± 09 820 ± 07 44 ± 2 0.5 125* - 

*ASTM grain size number, G = 3, which means an average grain diameter of 

approximately 125 µm. 
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Figure 4.36. True stress-true strain curves from compression tests specimens 

produced by selective laser melting in different orientations, laser remelting 

strategy and submitted to heat treatment. 
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Strain hardening is observed, and no distinct yield point is seen in the 

investigated conditions. It may be seen that the specimens built in different 

orientations, with laser remelting and heat-treated presented higher 

compressive stress than in the as-built TNZT-SLM-vertical condition. A first 

important aspect is the grain size: in all cases the grains are finer than in the 

TNZT-SLM-vertical conditions, which contributes to higher mechanical strength 

of the samples. Another important fact is that the samples oriented at 0° 

(horizontal) and 45° were produced together, but in a different batch than the 

vertical samples, reusing the TNZT-powder for the 5th time. The chemical 

analysis indicated an oxygen content of 270 ppm in the powder used for 

producing the TNZT-0°horizontal and TNZT-45°degree samples. In the case of 

the TNZT-SLM-remelting, it is seen a slight densification improvement, which is 

known as the main advantage of laser remelting strategy and explains the 

higher compressive stress than the TNZT-SLM-vertical samples with single 

melting routine [103, 134, 135]. The specimens submitted to homogenization 

heat treatment shown a higher strain hardening effect, although a discontinuous 

yield point is not seen this time, in contrast of the Cu-mould suction-cast 

samples heat-treated in same conditions. However, even with the samples 

being encapsulated in argon and the heat treatment furnace atmosphere being 

kept with pure argon (99.99% of purity), an oxygen uptake might have 

happened, which combined to the equiaxed grain structure, resulted in higher 

mechanical strength than the as-built SLM samples. 

It was expected that, the TNZT-0°horizontal specimens with equiaxial 

grain structure (  /  = 115 / 91) and the TNZT-45°degree specimens with 

columnar grains (  /  = 129 / 89) oriented in 45° (easy dislocation slip 

direction), would present the highest and lowest compressive stress, 

respectively. In fact, Dadbakhsh et al. (2016) produced samples of a NiTi alloy 

oriented horizontal (0°), at an angle (45)°, and vertical (90°) on the SLM 

baseplate, and reported that the resistance of the material against the 

compressive force was highest in the horizontal direction and lowest in the 

vertical direction, since the vertical samples developed a strong <100> texture 

formed along the building direction [77]. According to the authors, the [100] 
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orientation is characterized as “soft” direction under compression (the loading 

direction in the compression tests).  

As another example, Edwards et al. (2015) showed that the fracture 

toughness of Ti-6Al-4V (wt%) samples produced by SLM was higher when the 

cracks propagated perpendicularly to the building direction (horizontal) than in 

the case of vertical samples, where the crack is in the same plane as the build 

layers [137]. Nonetheless, the samples oriented at 0°horizontal presented 

higher porosity (≈ 2%) than the samples produced at 45°degree (≈ 1%), as may 

be seen in Figure 4.37. A clear lack of fusion type of porosity was observed in 

the TNZT-0°horizontal samples, as a result of the scanning strategy (stripes of 

3.0 x 3.0 mm², with a 50% of overlap between each island), and it was the 

dominant aspect explaining the lower mechanical strength of this condition 

compared to the TNZT-45°degree. 

 

 

Figure 4.37. Microstructure of samples produced by SLM with different 

orientation: TNZT-0°horizontal (a) and TNZT-45°degree (b). 

 

Another important effect of sample orientation and laser remelting 

scanning strategy is seen on the Young’s modulus (E) of the selective laser 

melted samples, (Figure 4.38). The Young's modulus is known to present a 

crystallographic orientation dependency, even in highly symmetrical crystal 

structure such as body-centered cubic structure. In fact, a strong orientation 

50 µm 

a) b) 
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dependence of the Young's modulus has been demonstrated for a Ti–15Mo–

5Zr–3Al (wt%) alloy, with the highest value (~120 GPa) along the <111> 

orientation and the lowest value (44.4 GPa) along the <001> orientation, in case 

of single crystals [138], and (68.7 ± 0.9) GPa and (99.6 ± 4.8 GPa) for samples 

manufactured by SLM in vertical and horizontal orientations, respectively [126].  
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Figure 4.38. Young’s modulus of bulk samples of the TNZT alloy produced by 

SLM in different orientations, laser remelting strategy and submitted to heat 

treatment. 

 

The Young’s modulus of the TNZT-45°degree was the highest (E = 54 

GPa) between the investigated conditions, followed by the TNZT-0°horizontal (E 

= 50 GPa). The other conditions show Young’s modulus close to the TNZT-

SLM-vertical samples (E = 45 GPa), and therefore, not significant changing 

occurred related to laser remelting (E = 43 GPa) and homogenization heat 

treatment (E = 44 GPa), as may be seen in Figure 4.38. Therefore, it is seen 

that sample orientation and the crystallographic texture formed in selective laser 
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melting of samples of the TNZT alloy has an important effect on the Young’s 

modulus of the samples. 

The pseudoelasticity of the TNZT alloy produced by SLM with different 

sample orientation, adding a layer remelting step in the scanning strategy and 

applying a homogenization heat treatment was obtained in cyclic compression 

tests (Figure 4.39). The recoverable strain was limited to the first step of strain 

for all conditions, εse = 0.5%. This result is related to the β phase stability, and a 

stress-induced martensitic transformation does not occur in the as-built and 

heat-treated samples, which is the mechanism behind the pseudoelastic effect. 
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Figure 4.39. True stress-true strain curves obtained in cyclic compression tests 

of samples produced by selective laser melting, in horizontal (a) and 45° (b) 

orientations, with a laser remelting strategy (c) and submitted to heat treatment 

(d). 

 

Therefore, it is seen that the highest recoverable strain is observed in the 

Cu-mould suction-casted samples, in the as-cast condition, with a fine equiaxed 

grain structure. In fact, it was seen that the solidification microstructure of the 

as-cast sample presented microsegregation, with Ti depletion from the matrix, 

which results on a Ti-β matrix with some martensitic laths, enhancing the 
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possibility to occur a stress-induced martensitic transformation. In addition, the 

refined grain structure of the as-cast samples resulted in higher mechanical 

strength than the as-built SLM samples, which also contributed to a higher 

pseudoelasticity in those samples. Another possibility would be to test the 

samples under tensile loading, as it has been reported that samples of NiTi 

manufacture by SLM, presented opposite mechanical response compared to 

compressive loading, related to the <100> preferential orientation of grains, 

acting differently under tension as a ‘hard’ direction [77]. 

 

4.2.7 Selective laser melting of prototypes 

It is known that additive manufacturing is very suitable to applications 

where complex geometry, low volume and strong individualization are required 

[139, 140]. Therefore, some prototypes were produced in order to attest the 

feasibility of processing the Ti-35Nb-7Zr-5Ta (wt%) alloy in near-net-shape 

parts with more complex geometry by selective laser melting. A dental mini 

implant with threads (Figure 4.40a) and a stent (Figure 4.40b) were 

manufactured with the optimized parameters set (layer thickness of 40 µm, 

laser power of 129 W and scanning speed of 0.57 m/s). For the mini implant, an 

overlapping of 50% was applied and the prototype was built as a bulk sample 

with unidirectional scanning strategy with 79° rotation between layers. In the 

case of the stent, hatching distance was not defined due to its open geometry 

and struts dimension corresponding to a single track, but a remelting step was 

applied in order to improve the surface finishing of the stent with same 

parameters used in the first melting. 

In order to evaluate the quality of the prototypes, µ-XCT was performed 

and the reconstructed 3D images are shown in Figure 4.40. The mini implant 

presents a rough surface, with a relative density of 99.3%, and details of the 

threads are not clearly distinguished. This means that the process resolution 

was not enough to process the part geometry with details, which may be tuned 

by reducing the size of the laser beam spot size, the powder size distribution, 

and the layer thickness [141]. For the stent, some struts are melted together, 

resulting in a closed structure. On this case, the SLM parameters set should be 
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further optimized to produce thin-walled samples. Therefore, although specific 

parameters optimization is necessary to improve the surface quality and tune 

the process resolution of the prototypes, the parts could be successfully 

produced by selective laser melting, showing that it is possible to obtain final 

near-net-shape parts of the TNZT alloy by an additive manufacturing 

technology. 

 

 
 

Figure 4.40. Prototypes of the Ti-35Nb-7Zr-5Ta (wt%) alloy produced by SLM: 

(a) dental mini implant; (b) stent. 

 

4.3   Oligocrystalline Structure Formation 

One of the drawbacks of Ti-Nb-based alloys is the low recoverable strain 

when compared to the Ni-Ti system, which limits the applicability of Ti-Nb alloys 

in biomedical parts when pseudolelasticy is required [85]. An alternative, 

proposed to improve pseudoelasticity of Cu-based, Fe-based and Ni-based 

shape-memory alloys, is to induce an oligocrystalline structure formation (oligo 

– few; crystalline – crystals), also known as bamboo structure [32-35, 90-96, 99, 

100]. 
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On this work, an innovative approach is proposed to obtain a bamboo-

like structure formation in a β-Ti-35Nb-7Zr-5Ta alloy in thin-walled samples 

produced by selective laser melting, an additive manufacturing technology. The 

thin-walled samples (hollow tubes with 3 mm of external diameter, wall 

thickness of 200 µm and 12 mm height) are presented in (Figure 4.41). The 

samples were produced by SLM with the following parameters: laser power of 

129 W, scanning speed of 0.57 m/s, with a layer thickness of 40 µm. Hatching 

distance was not defined and the wall thickness corresponded to a single track 

(TNZT-single-tube). The samples were heat-treated by a simple isothermal heat 

treatment (1000 °C for 24 h, followed by water quenching) in order to 

investigate grain growth mechanism and the formation of the bamboo 

(oligocrystalline) structure (TNZT-tube-HT). 

 

 

Figure 4.41. Thin-walled tubes of the TNZT alloy manufactured by selective 

laser melting. 

 

The tubes exhibit considerable roughness, estimated using the 

arithmetical mean deviation of the assessed profile method as (14 ± 10) µm. 

Figure 5.42 shows the microstructure of the thin-walled tubes before and after 

heat treatment. Before treatment (Figure 4.42a), the tubes exhibit a bimodal 
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polycrystalline structure with elongated columnar grains around the wall center 

with (12 ± 3) µm of width and (240 ± 90) µm of length, and small near-equiaxed 

grains at the surface with (9 ± 3) µm diameter. The elongated columnar grains 

span several layers of deposited material and are oriented in the build direction, 

similar as observed for the bulk samples (Figure 4.25). Considering that the 

laser beam presents a Gaussian energy distribution, the energy decreases 

moving away from the beam center. It will decrease up to be not enough to melt 

the material but enough to sinter the powder at the outer region. The near-

equiaxed grains are formed from the sintered powder at this region. It is 

confirmed by the large amount of porosity found in this region (Figure 4.42a). 

 

 

 

Figure 4.42. (a) Electron back-scattered diffraction maps of the thin-walled 

tubes vertical cross section before (TNZT-single-tube) and (b) after heat 

treatment (TNZT-tube-HT). BD is the building direction. 

 

A β-Ti bimodal microstructure (columnar/center and near-

equiaxed/surface) is observed in the as-prepared tubes and an oligocrystalline 

structure was formed in the heat-treated tubes. 

During annealing an oligocrystalline microstructure forms and the grains 

have a length of around (350 ± 50) μm (Figure 4.42b). This is a result of the 

initial bimodal structure and surface effects: The large columnar grains grow 

(a) 

(b) 

BD → 
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excessively during the thermal treatment on the expense of the smaller grains. 

The driving force is the reduction of the grain boundary energy and, hence, 

some grains grow until they cover the entire thickness of the wall. On the 

contrary, if only grains with similar size are present, these grains will grow with 

the same rate and it will form a conventional polycrystalline structure with 

several triple junctions. 

Therefore, the bimodal structure observed is essential for the formation 

of the oligocrystalline structure. The oligocrystalline grains tend to minimize their 

surface energy by adapting to a specific orientation [142]. This favors the 

formation of large grains with lower surface energy and contributes for the 

oligocrystalline structure formation. Similar oligocrystalline microstructures are 

expected for other systems with a comparable bimodal microstructure after 

selective laser melting. The observed columnar microstructure (Figure 5.42a) is 

very common in SLM because of the high thermal history inherent in this 

process [7] and it was observed already in several Al-, Fe- and Ti-based alloys 

[7, 36, 59, 75, 143]. 

The compression properties of TNZT-single-tube and TNZT-tube-HT 

samples were investigated, and cyclic compression curves are presented in 

Figure 5.43. The annealed sample reveals a higher strength than the as-

prepared thin-walled tube even considering that the former exhibits larger 

grains, which should promote a lower strength as suggested by the Hall-Petch 

relation [144]. The reason might originate from the oxygen content in the 

samples. It was measured to be 1370 and 2700 ppm for the thin-walled tubes 

before and after annealing, respectively. Oxygen is known to increase the 

strength of titanium by solid solution hardening and explain the difference 

observed in strength [145].  

Another important feature from Figure 4.43 is the recoverable strain. The 

annealed thin-walled tubes (TNZT-tube-HT) presents a larger recoverable strain 

than the as-prepared sample (TNZT-single tube). For example, if we compare 

the recoverable strain in the second strain cycle, it was measured 0.057 mm for 

the TNZT-tube-HT and 0.035 mm for TNZT-single tube, which corresponds to a 

recoverable strain 65% larger. This larger recoverable strain is explained by the 
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larger strength and the oligocrystalline structure of the TNZT-tube-HT sample, 

which alloys a larger elastic and pseudoelastic strain, respectively. Another 

important aspect is related to the oxygen effect in phase stability of Ti-Nb-based 

alloys. As shown by Obbard et al. (2011) for a Ti-33Nb-5Zr-14Sn (wt%), the 

addition of oxygen reduces the recoverable strain because it raises the critical 

stress for α’’ formation and reduces the volume fraction of α”. It also reduces the 

β→α’’ transformation strains and shortens the stress plateau [144]. The authors 

also stated that this mechanism is not fully comprehended. Nonetheless, it 

proposed that this effect superimposed the beneficial effect of the 

oligocrystalline structure formation and decreased the pseudoelasticity of the 

alloy. 
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Figure 4.43. True stress-true strain curves obtained in cyclic compression tests 

of the Ti-35Nb-7Zr-5Ta thin-walled tubes (a) before (TNZT-single tube) and (b) 

after heat treatment (TNZT-single tube-HT). The inset shows samples after 

uniaxial compression up to 75% of strain (left: as-prepared tube; right: thermal-

treated tube). 

 

In order to attest the effect of the oligocrystalline structure on ductility, the 

samples were tested under uniaxial compression up to 4.5 mm of extension. 
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Both samples did not break, which confirms their high ductility. The inset of 

Figure 4.43 shows the samples after compression, where no cracks are 

observed. The high strength, large recoverable strain and high ductility 

observed for the oligocrystalline samples, combined with their biocompatibility, 

make these materials promising for biomedical applications as in scaffolds and 

stents. 
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5. CONCLUSIONS AND OUTLOOK 

On this work, a novel manufacturing route for processing parts of a 

biocompatible alloy is proposed. Therefore, a biocompatible Ti-35Nb-7Zr-5Ta 

(wt%) alloy is processed by SLM.  

Firstly, the TNZT powder is investigated and it is seen that the powder 

presents a β single phase structure. The morphology of the powder is mainly 

spherical, with, d50 = 32.5 μm and a narrow particle size distribution. A chemical 

inhomogeneity in the powder particles is noticed, with some particles richer in 

Ti-Ta and lower content or absent of Nb and Zr. 

The laser parameters are optimized to process the TNZT powder by 

SLM. The maximum relative density of 99.0% is attained in the bulk samples 

when an energy input of 58.3 J/mm³ is employed, which was defined as the 

best set of parameters to process the TNZT alloy by SLM. The melt pools are 

seen in the micrographs of the SLM samples and Ta-enriched regions are 

observed, as a result of not completely dissolved Ta-enriched powder particles 

in the matrix. A β-Ti single phase structure was identified by XRD and confirmed 

by TEM experiments.  

The solidification microstructure of the as-built selective laser melted 

samples is distinct from the Cu-mould suction-cast sample, related to the 

different thermal history on both processes: A fine columnar-dendritic structure 

is formed in the SLM samples and an equiaxed dendritic structure was formed 

in the as-cast samples. The EBSD analysis of the as-built samples shown 

columnar grains growing epitaxially through several layers (length = 327 µm 

and width = 72 µm), with preferential direction of grain growth, opposed to 

randomly oriented grains observed in the Cu-mould suction-cast samples 

(average grain diameter = (120 ± 24) µm). The as-built SLM samples were 

submitted to a homogenization heat treatment and the grain size, morphology, 

orientation and crystallographic texture analysis showed equiaxial grains absent 

of preferential orientation and, therefore, crystallographic texture was no longer 

observed after homogenization heat treatment of the selective laser melted 

samples. 
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The effect of porosity on mechanical properties of the selective laser 

melted samples is clearly detected and Young’s modulus in the range of 25-48 

GPa is obtained in bulk SLM samples with porosity varying between 1-7%. 

There was no premature failure even in samples with high porosity and a 

compressive strain above 60% was obtained. The SLM samples, which shown 

highest density, presented slightly lower compressive stress (σYS = 430 MPa 

and σ35% = 682 MPa) than the Cu-mould suction-cast samples (σYS = 469 MPa 

and σ35% = 686 MPa). Strain hardening is observed for either cases and no 

distinct yield point is seen. The pseudoelasticity of the TNZT alloy produced by 

SLM was measured in cyclic compression tests and recoverable strain, εse = 

0.5% is obtained, lower than in the as-cast samples (εse = 1.5%).  

Bulk samples were produced by SLM with different orientations. For the 

TNZT-0°horizontal sample a fine grain structure randomly oriented was 

observed (length = 115 µm and with = 91 µm), and in the TNZT-45°degree, 

columnar grains are seen following the part orientation. Although a higher 

compressive stress was expected in the horizontal samples, it was seen that 

lack of fusion type of porosity resulted in lower yield strength of the horizontal 

samples (442 MPa) than the 45° samples (476 MPa). 

Prototypes of the TNZT alloy were produced by SLM. The mini implant 

presented a rough surface, with a relative density of 99.3%, and the stent had 

some struts melted together, resulting in a closed structure, showing that, even 

though specific parameters optimization is necessary to improve the surface 

quality of the prototypes, parts with complex geometry could be processed by 

SLM.  

Finally, an attempt to maximize the pseudoelastic properties of the Ti-

35Nb-7Zr-5Ta (wt%) alloy is performed and an innovative approach is proposed 

to obtain parts with complex geometries and oligocrystalline structure, 

combining an additive manufacturing technology and a simple heat treatment. It 

was seen that an initial bimodal polycrystalline structure with elongated 

columnar grains around the wall center and small near-equiaxed grains at the 

surface of thin-walled tubes produced by SLM, results in an oligocrystalline after 

annealing, reducing grain boundary energy and minimizing the materials free 



121 

 

energy. This innovative processing route emerges as an interesting alternative 

for different types of alloys and permits to obtain oligocrystalline materials with 

complex shapes and geometries. 

Although several aspects have been explored in the present thesis, it is 

recognized that the subject is not exhausted, and some future works are 

suggested.  

Firstly, the mechanical properties of the samples were investigated by 

compression tests and it was seen that the samples shown high ductility under 

compression. Mechanical tests under tensile are important to determine the 

fracture strength and plastic deformation up to fracture in the TNZT alloy 

processed by SLM. Besides that, another method (e.g. nanoindentation) should 

be employed to measure the elastic properties of the TNZT alloy manufactured 

by SLM. In addition, abrasion resistance, fracture toughness, and fatigue 

resistance were not addressed here, but those are important properties on 

applications such as orthopedic implants and should be correlated to 

processing conditions in selective laser melting.  

It was seen that the microstructure of the as-built SLM samples 

presented columnar grains, aligned in the building direction. It is known that 

such structure is not desirable in terms of mechanical properties, since it is 

associated to anisotropy. Nonetheless, it was seen that varying sample 

orientation modified the crystallographic texture of the samples. Therefore, an 

alternative approach would be to investigate the effect of varying scanning 

strategy on the microstructure of the samples, which could also be associated 

to a study of residual stress in selective laser melted parts. Besides that, the 

addition of second phase particles, such as TiB2, could induce a more equiaxed 

grain structure, reducing the observed anisotropy.  

The dislocation structure of SLMed samples may be investigated in more 

detail to understand its effect on mechanical properties of the samples, 

especially after heat treatment.  

Finally, since the TNZT alloy is a biocompatible alloy, corrosion 

resistance and citotoxicity tests could be performed, correlating to different 

microstructures and part geometries possibly obtained by SLM. 
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