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ABSTRACT 

Titanium has always been a metal of great interest since its discovery especially for 

critical applications because of its excellent mechanical properties such as light weight (almost 

half of that of the steel), low density (4.4 gm/cc) and high strength (almost similar to steel). It 

creates a stable and adherent oxide layer on its surface upon exposure to air or water which gives 

it a great resistance to corrosion and has made it a great choice for structures in severe corrosive 

environment and sea water. Its non-allergic property has made it suitable for biomedical 

application for manufacturing implants. Having a very high melting temperature, it has a very 

good potential for high temperature applications. But high production and processing cost has 

limited its application.   

Ti6Al4V is the most used titanium alloy for which it has acquired the title as ‘workhouse’ 

of the Ti family. 

 Additive layer Manufacturing (ALM) has brought revolution in manufacturing industries. 

Today, this additive manufacturing has developed into several methods and formed a family. 

This method fabricates a product by adding layer after layer as per the geometry given as input 

into the system. Though the conception was developed to fabricate prototypes and making tools 

initially, but its highly economic aspect i.e., very little waste material for less machining and 

comparatively lower production lead time, obviation of machine tools have drawn attention for 

its further development towards mass production. Electron Beam Melting (EBM) is the latest 
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addition to ALM family developed by Arcam, AB
®

 located in Sweden. The electron beam that is 

used as heat source melts metal powder to form layers. 

 For this thesis work, three different types of specimens have been fabricated using EBM 

system. These specimens differ in regard of direction of layer addition. Mechanical properties 

such as ultimate tensile strength, elastic modulus and yield strength, have been measured and 

compared with standard data available. Besides, these values have been compared among 

themselves in order to understand the effect of anisotropy due to the production nature. Nano-

hardness at local points on the specimens’ bodies has also been tested for comparison. 

. 
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LIST OF ABBREVIATIONS AND SYMBOLS 

α  Phase of Ti below transformation temperature  

β  Phase of Ti after transformation temperature 

HCP  Hexagonal Close Packed 

BCC  Body Centered Cubic 

γ  Angle between c-axis of hcp unit cell and the stress axis 

ALM  Additive Layer Manufacturing 

EBM  Electron Beam Melting 

G         Thermal Gradient 

R          Solidification Rate 

E          Modulus of Elasticity 

YS        Young’s Modulus 

UTS     Ultimate Tensile Strength 

  Intrinsic or single crystal yield strength  

K Material constant 

D Grain diameter 

Δα The average α-plate thickness 

H Hardness 

EL Elongation 

=  Equal to 
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 Engineering stress,  

 Initial cross-sectional area  

F  Force 

 True Stress 

 Initial length 

 Change in length 

 True Strain 

 Instantaneous cross-sectional area 

 Instantaneous length 

 Engineering Strain 

 Initial Length 

 Final Length 

 Change in length 

 Strain Rate 

 Maximum Load 

 Residual Area 

P Load 

C Curve Fitting Parameter 

S Stiffness 

h depth  

 Residual depth 

m Curve fitting parameter 

 Contact Area 
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 Modulus of Elasticity of indenter 

ν Poisson’s ratio 

 Poisson’s ratio of the indenter 
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CHAPTER 1 

INTRODUCTION 

 

Titanium (Ti, Atomic Number 22 and Atomic Weight 47.9) named after the Titans, the 

powerful sons of Earth in Greek mythology has emerged as a powerful metal for structures.  It is 

the ninth most abundant element in the Earth’s Crust and fourth most abundant structural metal 

after aluminum, iron and magnesium. Despite being discovered at least 200 years ago, its 

commercial production started in the 1950’s. Titanium is distinguished for its importance as a 

metal that has some excellent mechanical properties such as lightweight (half of that of steel), 

high strength (as strong as steel), structural efficiency for critical applications.  It has the highest 

strength to density ratio. But its high price has limited its use for niche applications such as 

aircraft, jet engine and airframe components, medical implants, lattice and novel structures of 

applications as in load absorption and heat exchangers [1]. 

 

 It is highly reactive to oxygen. So, whenever it gets exposed to air or water, a thin, dense, 

self-healing stable and adherent oxide layer is formed immediately that provides superior 

resistance to corrosion against a wide range of chemicals and aggressive environments [2]. This 

affinity for oxygen accounts for its high cost of production as it requires inert atmosphere or 

vacuum during the production process of titanium sponge from titanium tetrachloride (TiC ) as 

well as during the melting process. Initial high cost of titanium tetrachloride (TiC ) and required 

energy also contribute greatly to its high price [3]. 
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 Besides, Its high melting temperature (1668°C) and high strength to weight ratio 

maintained at elevated temperatures give it an advantage over aluminum (the main competitor in 

light weight structural applications)  for application temperatures of about 150°C. On the other 

hand, the high reactivity of titanium with oxygen limits the maximum temperature use of 

titanium alloys to about 600°C. Above this temperature, oxygen is diffused at a faster rate 

through the oxide surface layer that eventually leads to forming an excessive growth of the oxide 

layer and introducing embrittlement to the adjacent oxygen rich layer [3]. 

 Today, titanium and its alloy family are extensively used for aerospace, industrial and 

consumer applications, aircraft engines and airframes, missiles, spacecraft, chemical and 

petrochemical production, hydrocarbon production and processing, power generation, 

desalination, nuclear waste storage, pollution control, ore leaching and metal recovery, offshore, 

marine deep-sea applications, and Navy ship components, armor plate applications, anodes,  

automotive components, food and pharmaceutical processing, recreation and sports equipment, 

medical implants and surgical devices, as well as many other areas [1]. 

 

1.1 Crystal Structure 

Two phases of Titanium exist at two different temperatures namely α-phase (below 

882°C) and β-phase (above 882°C). A mixed phase (α+β) can also be found. The crystal 

structures of α-phase and β-phase are hexagonal-close-packed (hcp) and body-centered-cubic 

(bcc). 
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1.1.1 Hexagonal Close Packed (HCP) Structure 

 The hexagonal close packed structure is a repetition of a hexagonal unit cell which has a 

hexagonal base with sides of equal length (a, basal parameter). The base is perpendicular to the 

longest side (c, height parameter) of the unit cell. An atom is centered on each corner of the unit 

cell [4]. The unit Cell is visualized as a top and bottom plane of 7 atoms, forming a regular 

hexagon around a central atom. In between these planes is a half-hexagon of 3 atoms (Figure 1) 

[5]. 

 
Figure 1 : HCP unit cell [5] 

 

 

1.1.2 Body-Centered Cubic (BCC) Structure  

 The body-centered cubic (BCC) structure is a cube i.e., all sides have the same length and 

all the faces are perpendicular to each other (Figure 2). Each corner of the unit cell has an atom. 

There is also an atom in the center of the unit cell [4]. 
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Figure 2 : BCC unit cell [5] 

 Pure titanium undergoes an allotropic phase transformation (changing from one existing 

phase to another existing one) at 882°C i.e., transforms back from β-phase (at higher 

temperatures) to α-phase at lower temperatures. This transformation temperature is known as β-

transus. The exact β-transus is strongly influenced by interstitial and substitutional elements and 

therefore depends on the purity of the metal. At room temperature, values of the lattice 

parameters are: a (0.295 nm) and c (0.468 nm). The resulting c/a ratio for pure α titanium is 

1.587, smaller than the ideal ratio of 1.633 for the hexagonal close-packed crystal structure. The 

lattice parameter ‘a’ for the pure body-centered cubic has a value 0.332 nm at 900°C [3]. 

 

1.2 Phase Diagram 

 Pure Titanium has a phase transformation temperature (β-transus) at 882°C. This 

temperature can be adjusted by adding some specific elements to serve the purpose of getting 

higher or lower beta-transus temperature.  
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1.2.1 Alpha Stabilizers 

 The elements that increase the beta-transus are alpha-stabilizers. Aluminum (Al) is the 

most prominent as it has very high solubility in both α- and β- phases. Among the others O, N 

and C are strong alpha-stabilizers. Being added to the alloy, they also increase solute content 

(Figure 3). Oxygen can be added as interstitial in the cases that require adjustable strength level. 

B, Ga, Ge and the rare earth elements are less used alpha stabilizers because of their lower 

solubility [3]. 

 

 

Figure 3 : Phase diagram for α-stabilizers 

1.2.2 Beta Stabilizers 

The Elements that decrease the transformation temperature (beta-transus), dissolve in 

readily and strengthen the beta phase and exhibit low alpha phase solubility are beta stabilizers. 

They are divided into two categories according to how they behave with Ti. 

a) Beta-isomorphous elements 

b) Beta-eutectoid elements. 
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1.2.2 (a)  Beta-isomorphous Elements 

The beta-stabilizers that exhibit complete mutual solubility with beta-titanium are known 

as Beta-isomorphous elements.  Increasing addition of the solute element progressively depresses 

the transformation temperature to give the characteristic phase diagram shown in Figure 4. Mo, 

V and Nb are the most important beta-isomorphous elements. Sufficient amount of these 

elements addition can lead to stabilize beta-phase at room temperature. Ta and Re have also 

found application in some alloys but are rarely used because of density consideration. 

 

Figure 4 : Effect of beta-isomorphous elements on titanium. 

1.2.2 (b)  Beta-eutectoid Elements 

 The beta-stabilizers that have limited solubility in beta titanium and form intermetallic 

compounds by eutectoid decomposition of the beta phase are known as beta-eutectoid elements. 

Figure 5 shows effect of these elements.  

 Beta-eutectoid elements can be further subdivided into two categories- sluggish and 

active elements. Commercially important metals in the sluggish category are Fe, Cr and Mn. Fe, 

Cr, Mn in Ti make systems in a way that eutectoid decomposition of beta phase gets very slow. 
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Therefore, intermetallic compound cannot be formed during normal commercial fabrication and 

heat treatment or during service. These are sluggish elements. 

 

 

Figure 5 : Effect of beta-eutectoid elements on titanium 

 In contrast, Cu and Si form active eutectoid systems where below the eutectoid 

temperature the beta phase decomposes to alpha and intermetallic compounds within 

commercially acceptable times (Figure 5). As a result, controlled precipitation of the 

intermetallic compounds can be utilised to enhance the strength of titanium alloys containing 

appropriate concentrations of Si or Cu [6]. 

1.2.3 Neutral Elements 

 Zr, Hf, and Sn belong to alloying elements known as neutral additions. While these three 

elements are sometimes identified as beta stabilizers, as they decrease the phase transformation 

temperature to a very little extent (Figure 6). Zr and Hf are isomorphous with titanium and 

exhibit the same beta to alpha allotropic phase transformations. They are completely soluble in 

the alpha and beta phases of titanium. Sn is a beta-eutectoid element and it has negligible effect 

on the beta transus temperature. 
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Figure 6 : Phase diagram for neutral elements 

1.3 Elastic Properties 

 The elastic properties of Ti and its alloy family are highly influenced by intrinsically 

anisotropic character of the hexagonal crystal structure of the alpha phase. The modulus of 

Elasticity, E varies with the angle,   (angle between c-axis of hcp unit cell and the stress axis) as 

shown in Figure 7. E varies between 145 GPa (stress axis parallel to the c-axis) and 100 GPa 

(stress axis perpendicular to the c-axis). 
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Figure 7 : Modulus of elasticity E of α titanium single crystal as a function of declination 

angle,  

  

As temperature goes up, the modulus of elasticity (E) decreases almost linearly as shown 

in Figure 8 for polycrystalline texture-free α titanium. It can be seen that E drops from about 115 

GPa at room temperature to about 58 GPa at the β transus temperature. 

 

Declination Angle 

E 

(GPa) 
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Figure 8: Modulus of elasticity Ε as a function of temperature of α titanium polycrystals 

  

As the β phase of pure titanium is not stable, its modulus of elasticity, E cannot be 

measured at room temperature.  

 With β stabilizing elements at high concentrations, for example, Ti-V alloys with about 

20% vanadium, the metastable b phase can be retained to room temperature by fast cooling. The 

E value of the β phase increases with increasing vanadium content. It indicates that the β phase 

has a lower modulus of elasticity than that of α phase [3]. 

 

1.4 Ti6Al4V 

 Ti-6Al-4V is the mostly commonly used and extensively studied titanium alloy that 

contains a combination of α and β stabilizers. Therefore, it falls in the category of α+β alloys.  

 

Temperature (K) 

E 

(GPa) 
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 Some physical mechanical and thermal properties of Ti-6Al-4V are listed in Table 1. A 

vertical section of phase diagram of Ti-6Al-xV (x is wt%) is presented in Figure 9, illustrating 

the β transus and the weight percent (wt%) alpha within the two-phase region at different 

temperatures. 

Table 1: Some physical properties of Ti-6Al-4V [7] 

β-Transus Temperature 995 ±20 °C 

Density 4.43 gm cm
-3

 

Melting Temperature 1604-1660 °C 

Linear thermal expansion coefficient 9.0 x 10
-6

 K
-1

 

Thermal Conductivity 7 W m
-1

 K
-1

 

Specific heat capacity 530 JKg
-1

 K
-1

 

Electrical Resistivity 1.67 μ Ω m 

Tensile Strength 900-1200 MPa 

Young’s Modulus 800-1100 MPa 

Elastic Modulus 110-140 GPa 
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Figure 9 : Vertical section of phase diagram of Ti-6Al-xV [3] 

 The microstructures of titanium alloys are primarily described by the amount and 

arrangement of α and β phases [8]. The microstructures and mechanical properties of α+β 

titanium alloys depend upon the processing history and heat treatment [9]. For conventionally 

fabricated Ti-6Al-4V parts, the room temperature equilibrium microstructure consists of prior β 

grains consisting of a mixture of transformed α phase (hcp) and β phase (bcc). Depending upon 

cooling rate and prior heat treatment the microstructures of conventionally fabricated Ti-6Al-4V 

could contain several types of phases e.g. grain boundary allotriomorph α, globular or primary α, 

Widmanstätten α platelets, and possibly martensitic α´ phase [11]. Table 2 shows the 
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composition differences of Arcam provided Ti6Al4V powder with the conventional cast and 

wrought material. 

Table 2 : Chemical Specification of Ti6Al4V [12] 

Constituents Arcam (Typical) Cast Material Wrought Material 

Aluminum, Al 6% 5.5–6.75% 5.5–6.75% 

Vanadium, V 4% 3.5-4.5% 3.5-4.5% 

Carbon, C 0.03% <0.1% <0.08% 

Iron, Fe 0.1% <0.3% <0.3% 

Oxygen, O 0.15% <0.2% <0.2% 

Nitrogen, N 0.01% <0.05% <0.05% 

Hydrogen, H 0.003% <0.015% <0.015% 

Titanium,Ti Balance  Balance Balance 

 

1.5 Additive Layer Manufacturing (ALM) 

 Additive Layer Manufacturing is originally developed for prototype and machine tools 

fabrication. As the name implies, this process manufactures a product by adding layers, one on 

the top of another.  Other terms and techniques such as Rapid Manufacturing, Rapid Prototyping, 

Direct Digital Manufacturing, Solid Freeform Fabrication, Low-volume-layered Manufacturing, 

Additive Fabrication, Additive Manufacturing and 3D Printing have been coined in the same 

context of ALM. 
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 The basic concept playing role behind all these additive manufacturing techniques is 

taking mass raw material, adding layers using an innovative processing technique and generating 

a finished component minimizing the use of specialized or dedicated tools.  

 

 Manufacturers enjoy extreme freedom for having no design constraints. Thus, it adds 

tremendous speed in production i.e., enhances production rate to a great extent and gives even 

the flexibility to change the design at any point during the production without sacrificing 

materials [4]. High material utilization makes this process very cost efficient nullifying the 

necessity of tooling, fixtures. It introduces minimal waste material and thus has been proved to 

be an energy-efficient and environmental friendly process. For instance, a very well-known term 

in aerospace section is ‘Buy-to-Fly ratio’ and that is a ratio of weight of the raw material used for 

a component to the weight of the component itself has been reduced to almost 1 from about 15-

20 for flying components [14]. 

 

1.5.1 Electron Beam Melting (EBM) 

 Arcam, founded in 1997, has come up with a unique AM technology named as ‘Electron 

Beam Melting (EBM)’ for direct manufacturing of fully dense parts from metal powder that are 

similar to wrought material. The process is fully computer controlled system with no human 

interaction.  

 A high vacuum is maintained in the build chamber that provides oxygen free 

environment. It ensures the purity of material (no chance of oxide formation as the temperature 

goes very high) in the part and precise geometry.  
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 The power spectrum of electron Beam has a very wide range that makes it possible to 

melt almost all the materials and alloys i.e., no limitation on the usage of material. The schematic 

diagram of EBM system is shown in Figure 10. 

 

 

 

Figure 10 : Schematic diagram of EBM system 

 The EBM system consists of mainly three parts such as an electron beam generating 

system or Electron Gun, a build chamber and a computer system to control the whole process. A 

beam of high energy electrons is produced in the electron gun (1) when 60 kV is applied to a 

tungsten filament. Electrostatic or Electromagnet focusing lenses (2) focus the beam with power 

density of up to 100 kW/cm
2
 [14]. The deflection coils (3) control the lateral motion of the 
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focused beam and it scans the build table (7) (made with stainless steel) first to preheat it at about 

760  so that the powder can be melted exactly according to the model given as input into the 

system. An approximately 100 μm thin layer of powder is spread over the build table. Metal 

powder is stored in powder containers or powder cassettes (4). Electrons with high energy hit the 

metal powder and the kinetic energy gets converted into thermal energy. The temperature of the 

metal powder rises above the melting temperature that melts. The route of the beam motion on 

the powder bed is controlled by deflection coil according to the geometry. After one layer is 

melted, the build-table is lowered at a one layer thickness (about 100 μm). A new layer of 

powder is then spread over the previously build-part by the rackers (5) that moves laterally. The 

scanning, melting-all the processes repeat until the product (6) is finished. The whole process is 

shown in Figure 11.  
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Figure 11 : Flow Chart of EBM Process 

 For instance, Ti-6Al-4V, the phase transformation from the molten pool to room-

temperature solid occurs in the following three-step procedure such as, 

 

 1) Rapid solidification from melt pool temperature of approximately 1900 °C to hold 

temperature at about 700 °C, 

 2) Holding the temperature, 700 °C for entire duration of build, and 
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 3) Slow cooling from 700 °C to room temperature once the built is finished [15] 

 

 The isothermal hold during the entire build process gives two advantages i.e., relatively 

high temperature in build chamber improves the build rate and secondly caters the needs of 

annealing. 

 

 Each product is built in two steps. The beam scans and melts the outer part or the 

boundary of the product firstly that is termed as “Contour”. The contour provides a barrier for 

the inner powder from draining away during melting and an interface between the actual build 

and the surrounding powder. It is scanned at a slower speed and a high beam power in order to 

improve surface finish. Secondly, the inner side of the product is scanned and melted by the 

electron beam which is termed as “Squares”. The speed is faster and the beam power is less than 

that for the contour melting. The technical data from Arcam AB
®

 is listed in Table 3. 
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Table 3: Technical Data of Arcam A2 

Build tank volume 250x250x400 mm and 

350x350x250 mm (W x D x H) 

Maximum build size 200x200x350 mm and 

Ø 300x200 mm (W x D x H) 

Model-to-Part accuracy, long range +/- 0.20 mm (3σ) 

Model-to-Part accuracy, short range +/- 0.13 mm (3  

Surface finish (vertical & horizontal) Ra25/Ra35 

Beam power 50–3500 W (continuously variable) 

Beam spot size 0.2 mm – 1.0 mm (continuously variable) 

EB scan speed up to 8000 m/s 

 

Build rate 55/80 cm
3
/h (Ti6Al4V) 

 

No. of Beam spots 1–100 

Vacuum base pressure <1x10-4 mBar 

Power supply 3 x 400 V, 32 A, 7kW 

Size and weight 1850 x 900 x 2200 mm (W x D x H), 1420 kg 

Process computer CAD interface PC 

CAD interface Standard STL 

 

 The Arcam A2 uses a Powder Recovery System (PRS) that can recover almost 95% 

powder in a build. In this system, Ti-6Al-4V powder is used as a blasting medium, to break up 
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sintered blocks of powder recovered from previous processing. Powder collected from the PRS is 

sieved using a vibrating sieve (mesh size 150 m) before being mixed with any powder 

remaining in the powder containers. This system runs with minimal dust generation for safe 

operation, closed loop material recovery and elimination of magnetic materials and fine particles. 

After the recovery process the recycled powder is ready for re-use in the EBM process [12]. 
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CHAPTER 2 

LITERATURE STUDY 

 

 Mechanical properties highly depend on microstructural morphology. Additive layer 

manufacturing provides energy to melt down and layers are added thereby. Therefore, it is 

conceivable that the solidification plays a major role. Solidification conditions are needed to be 

regulated carefully to take control of the microstructure. The formed microstructures of a product 

are a result of a complex combination of solidification conditions, thermal environment, thermal 

cycling, kinetics, and phase transformations; and many other scales [15]. 

 Moat et al. [14] commented on the necessity of processing maps that may project the 

microstructure as a function of the imposed processing conditions. These maps can be either for 

individual alloy system or for each ALM (Additive Layer Manufacturing) technique [15]. 

 Solidification rate is very high, materials material in the vicinity of the melt pool 

undergoes rapid solidification, but the bulk material experiences the heat in it. Thus the bulk 

material is hold at a temperature that is maintained throughout the process and it is termed as 

‘build temperature’. The global solidification has the most influence on the properties [15]. 

 Burgers relationship gives insight into the EBM process. Upon cooling to below the β 

transus, the orientation between the body-centered-cubic (bcc) β phase and hexagonal-close-

packed (hcp) α phase changes the following way. 
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{0001}α  {110}β (parallel planes) 

1120  α  111  β  (parallel directions) 

 

 Therefore, one parent β grain can give rise to a possible 12 possible α orientations [15]. 

 

 Heat loss is occurred by conduction and radiation. Initially, rapid heat loss of layers on 

the base plate by conduction creates β grains with random orientation. Radiated heat loss gets 

dominant after several layers’ formation. As the product and the base plate are of different 

material, their thermal stress mismatch and the interface becomes brittle that enables separation 

easily without the necessity of cutting [15]. 

 

2.1 Process Map  

 It is still investigable whether or not small-scale based knowledge on deposition 

processes (e.g., LENS TM) apply to large-scale (higher power) processes for commercial 

applications. Thermal gradient and solidification cooling rate are the keys to morphology of 

microstructure [17]. 
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Figure 12: Effect of (a) beam power and (b) beam velocity on predicted grain size and 

morphology in small-scale (LENS TM) deposition of Ti–6Al–4V [17] 

  

The more the beam power, the lesser the thermal gradient at all depths within the melt 

pool and the cooling rate is most significantly affected at the surface. Therefore, increasing beam 

power leads to decrease of the high thermal gradient that is associated with a columnar 

microstructure, with an increase in solidification rate (ratio of cooling rate to thermal gradient) 

towards the surface of the deposit. This suggests that microstructure experiences a transition 

from columnar toward mixed/equiaxed microstructure at the surface throughout the depth of the 

deposit. The cooling rate is more sensitive to beam velocity than thermal gradient [17]. 

 Graphs from the Rosenthal solution (Figure 12) shows that “Increasing Z (Depth),” 

corresponds to the relative locations of the data points extracted from throughout the depth of the 

melt pool. “Increasing Grain Size” corresponds to the direction of decreasing cooling rate. 
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 Increasing power tends to shift the data closer to the boundary of fully columnar and 

mixed morphology and increases the grain size of the deposit as well. 

 Increasing beam power acts to reduce the thermal gradients and decrease cooling rates 

(and hence the solidification rate R). At the same time, cooling rates increase toward the surface 

of the deposit, while the thermal gradient remains relatively constant. These result in a trend 

from columnar toward mixed/equiaxed microstructure at the surface of the deposit, which 

increases with power. 

 The results for small-scale deposition of bulky 3D deposits suggest that grain size and 

morphology are less sensitive to variation in beam velocity than beam power that contradict with 

the results for thin-wall geometries [18] where changes in beam velocity had a much more 

measurable effect. 

 

 

Figure 13 : Effect of (a) beam power and (b) beam velocity on predicted grain size and 

morphology in large-scale (higher power) deposition of Ti–6Al–4V [17] 
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 Equiaxed microstructure is generally considered favorable to mechanical properties. 

Increasing power decreases cooling rates that results in increasing grain size (not favorable). 

Hence, from figure it can be concluded that increasing beam power could potentially result in a 

mixed microstructure containing large equiaxed grains. 

 

 Figure 13(b) shows that decreasing beam velocity in large-scale deposition of bulky 3D 

geometries acts to decrease solidification cooling rates, which is predominantly accompanied by 

an increase in grain size in Ti–6Al–4V. 
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Figure 14: Optical metallographic views showing acicular, α-plate (Widmanstätten) 

microstructures at ~1 cm from the top (a) and ~1 cm from the bottom (b) of an EBM 

manufactured sample. Magnification is the same and shown in (a) [19] 
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2.2 Micro Structure of Top and Bottom Portions of a Product Part  

 The measured acicular α-plate thickness is 3.2 μm in the top region of the build (Figure 

14(a)) and the average acicular α-plate (and lamellar-like) thickness is 1.6 μm in the bottom 

region of the build (Figure 14(b)) [19]. 

 The yield strength as well as the hardness is related to either grain size (or the reciprocal 

square root of grain diameter, D) in the classical Hall–Petch relationship, or more generally 

microstructural strengthening or hardening components such as dislocation density, ρ, and 

structural or microstructural partitioning dimensions; including the grain or phase dimension and 

there is a similar variation in the hardness with microstructure. 

     YS = + K/ D                                                             (1)         

Where,  is the intrinsic or single crystal yield strength, K is the material constant and D is the 

grain diameter.  

      YS                                                                    (2) 

and 

      H =  +                                                           (3) 

Where, H is the measured Vickers micro-indentation hardness and Δα is the average α-plate 

thickness 

 

2.3 Effect of Surface Finish on Mechanical Properties 

 A rippled exterior appearance is seen. The tensile strength of machined and as-fabricated 

speciemens were 1028MPa and 928 MPa. The elongation of machined and as-fabricated 

specimens was 3% and 14%, respectively. This result clearly indicates the effect of the surface 

quality on the strength and elongation. The rippled surface has a lot of points to develop large 
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stress concentrations that permit crack extension at lower applied stresses than required to 

initiate a crack in smooth tensile specimens [20]. 

 The low elongation can be ascribed to its high oxygen content and the rippled surfaces of 

the test specimens.  

 

2.4 Build Defects  

 The physical shortcoming like defects can exist because of improper layer filling, 

momentarily fluctuations in beam energy or beam blanking leading to beam tripping are poorly 

melted (or sintered) regions (porosity zones) [21].  

 

 

Figure 15: Unmelted and consolidated zone with gas void [22] 

 In addition, Melt scan-beam current or scan rate i.e., build parameters deviation from 

optimum can also have deleterious effects on build integrity or build defects like unmelted or 

unsintered powder regions [21].  

 Atomization process in manufacturing of uniform and round Ti-6Al-4V particles traps 

argon gas bubbles. These bubbles stay during the melting and get retained in the solidified build 

as void. [21] 
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 The high temperature of the melt (~1670º C) and the high surface tension of Ti-6Al-4V 

force these bubbles to remain in the melt [21]. 

 The build chamber has a nominal vacuum of 10
-4

 torr, and normal building utilizes a 

helium gas bleed at 10
-2

 torr to facilitate build cooling and thermal stability. Fluctuations in melt 

efficiency or beam instability during component building can lead to beam tripping which can 

leave zones of unsintered or unmelted powder [22]. 

 These parameter fluctuations cause microstructure variations mainly characterized by 

differences in size or dimensions as well as phase (hcp α versus hcp α’ martensite) differences 

and defect densities, notably dislocation density variations. These relate to variation of hardness 

and tensile behaviors [22] 

 Oxygen and Aluminum can alter the chemistry of Ti6Al4V powder. As the powder is 

recovered and recycled extensively, Aluminum is lost to some extent. Besides, Al content can 

also be lost in builds at high beam energies [22]. 

 

Figure 16: (a) continuous beam tripping resulting in unconsolidated region progressing with 

build (arrow); (b) unmelted pocket; (c) build flaw revealed in grinding and polishing sample;   

(d) hemispherical (spherical) gas void [22] 
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 Zones of unmelted or unsintered powder appear if the EBM system build parameters are 

not optimised, or the beam is interrupted during the final melt scan in particular. Impurities in the 

initial or recycled powder (chances are low) can also cause beam tripping that leaves a defect in 

the build. Even after optimized build process, variations in the concentration of spherical voids 

can occur. During rapid solidification, argon gas is trapped as gas bubbles that appear as 

spherical voids in the final product (Figure 16) [22] 

 Preheat cycle and the melt scan variations can have significant changes in the cooling rate 

and residual microstructure as well as the melt or sinter efficiency. Faster scans at constant beam 

current reduce the focal point energy density while increasing the beam current at constant scan 

speed has the opposite effect [22]. 

 Optimized EBM builds from Ti–6Al–4V powder can have residual mechanical properties 

and associated microstructures superior to commercial wrought Ti–6Al–4V products, with HRC 

variations from 35 to 52 HRC and UTS values from 1.1 to 1.4 GPa, at elongations which can 

vary from 12 to 25%. Corresponding wrought Ti–6Al–4V products exhibit HRC values of 35 

HRC, UTS of 1.1 GPa and elongations of 12% [22]. 

 

Figure 17: Thin-Walled Microstructure at 100X Magnification 
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Figure 18: Bulk Part Microstructure at 100X Magnification 

2.5 Micro Structure of Ti6Al4V and Size Geometry 

 EBM built parts are seen to have same microstructures as that of as-cast Ti6Al4V. It 

consists of acicular α-Ti that has been transformed from β-Ti which solidifies initially as melting 

temperature is far above the transformation temperature (beta- transus). The thin wall parts have 

shorter (almost one-third) needle-like alpha phase structures than those in the bulk parts [23].  

 The as-built microstructure is of ‘α+β mixture’ with a very fine lamellar morphology. 

Contrarily, it may be considered an intrinsic characteristic of the electron beam melting 

technology, which is inevitably characterized by a very high solidification rate of the melt spun. 

Because of the very fine as built microstructure, yield stress and UTS are quite high [23]. 

 Microhardness measurements taken on both samples were within the range of HV 285-

300 (HRC 28-30) [23]. 
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 Phase morphologies as well as dislocation, twin, and martensitic substructures affect 

mechanical behaviors such as indentation hardness and tensile properties [24]. 

 Ti6Al4V has a phase as equiaxed or acicular and acicular morphology is present in α+β 

alloy that have been processed above the β phase. The geometry of the α platelets depends on the 

amount of deformation and cooling rate from the β phase, and decrease in width with increase in 

cooling rate. 

 The dislocation density is a prominent microstructural contributor to the strength and 

hardness. 

 

Figure 19: TEM bright-field images of dislocation substructure in the α plates of  Ti–6Al–4V. (a) 

α phase grains and β (black) boundary/transition zones. (b) Magnified view showing dislocation 

substructure in α. 
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 A lamellar microstructure (fine, alternating layers of different materials) provides 

resistance to fatigue crack propagation, creep and oxidation and a globular one is favorable to 

strength and ductility [25]. 

 Both strain rate and temperature influence dynamic recrystallization, and by the 

subsequent cooling, changing from lamellar to acicular on increasing the cooling rate. 

 

 

 

Figure 20: Micrograph of a bulk Ti6Al4V 
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2.6 The Prior β-Ti Grain Boundaries 

 No distinguishable border or joining region is observable in Figure 20 and hence the prior 

β-Ti grain boundaries prove the epitaxial growth between layers i.e., the boundaries spread 

continuously through layers regardless of size geometry of the part. This prior beta-Ti grain 

formation is a clear indication of maintaining part temperature above beta transus during the 

build process and the growth across the layers form on to the ‘seed grain’ from the previous layer 

and thus it is parallel to the build direction. The temperature gradient has an increasing 

temperature gradient from the underside of the start plate to the top of the product. The 

maintained temperature at which the whole process takes place does not allow forming alpha Ti 

until it finishes and the whole part cools down under the transformation temperature [23]. 

 Components could be oriented within the build chamber to maximize benefits of the 

columnar grain structure [23]. 

 

2.7 Process Parameters 

 The process parameters (e.g. beam current and scan speed) had relatively little influence 

on the size of the α-Ti needles. The scanning speed and beam current increasing will lead a 

further refinement of α-Ti grain structure that will give benefit to fatigue strength. For 

components that undergo cyclic stresses, this further refinement of microstructure could prove to 

be quite beneficial in terms of fatigue performance [23].  

 During processing, the control algorithm uses the electron beam to deliver extra heat to 

both the part and the surrounding powder bed in order to reduce thermal stresses [23]. 
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2.8 Heat Flux Direction and Structure 

 Unmelted powder surrounds the product part being fabricated in EBM. The heat transfer 

(escape) has two ways namely, Conduction and Radiation. Conduction is further occurred two 

ways such as the conductions in between ‘the product part and the attached surrounding powder’ 

and ‘the newly melted layer and previously formed part’. The thermal conductivity of the 

powder is considerably lower than both the solidified Ti–6Al–4V and the solid stainless steel 

plate that is in touch beneath it. Therefore, the direction of heat flux from the melt pool is 

towards the solid steel start plate from through the previously solidified volume. As a result, a 

columnar microstructure perpendicular to the build-plate is developed [26]. 

 

2.9 Solidification Rate on Geometry and Grain Size 

 Melting speed is observed to have influence on solidification rates. Lowering the speed 

can lower the solidification rate [23]. Cooling or solidification rate controls the grain size in the 

product. The Solidification rate is a function of both process parameters and part geometry. 

When the geometry is relatively small, the input heat is low and solidification rate is really fast. 

On the other hand, the melting of large surface areas involves a much greater total heat input and 

the temperature goes down at a slower rate. For the faster cooling rate the parts with small 

geometry has a finer microstructure than large bulky parts. It is clear that technical properties 

depend on the production route [26].  

 

 Heat content varies from the bottom to the top of a solid build and therefore, the 

microstructure and associated hardness will vary. A larger α-phase grain at the top of the build 
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exist in comparison with that at the bottom of the build, and higher hardness at the build bottom 

versus lower hardness at the top of the build is observed. Cooling rate variations lead to it [21]. 

 

2.10 Loading Condition 

 In compressive tests, specimens loaded parallel to the build direction were stiffer and 

stronger, but required less work to failure than specimens loaded perpendicular to the build 

direction. Z samples also exhibited greater plastic deformation than samples compressed in the 

XY direction. Table 4 contains some tested results (tensile) loaded under different orientations. 

The material of the product was Ti6Al4V ELI though. 

 

Table 4: Tested results of Ti6Al4V ELI [27] 

Orientation YS (MPa) UTS (MPa) %EL 

Z 800 876 16 

XY 841 938 20 
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CHAPTER 3 

MOTIVATION 

 For the best service out of an EBM product of Ti6Al4V, various operating parameters are 

being optimized such as beam current, beam power, scanning speed, scanning sequence, 

temperature control and so on. Temperature control is very important as the whole 

manufacturing usually takes place at an elevated temperature. This temperature can be reduced 

but it will introduce residual stress. Build-direction i.e., the direction of layer addition can play 

one of the major roles in optimization of mechanical properties. Svensson et al. have reported the 

yield strength of product cut through the top (Z direction) to be 879 MPa and that of a parallel 

cut through to be 870 MPa, a lower value. On the other hand, they found the Tensile strength 953 

MPa for the first product and 971 MPa for the second one, a higher value. For the same sample 

the strengths behaves dissimilarly [28]. Layers with very tiny cross sections are melted on the top 

of another and thus are shifted a little. This shifting angle being very little, the strength of the 

structure gets compromised. Majority of LM technologies suffer from anisotropic properties and 

thus, products show lower strengths in Z- direction than in X or Y-direction [26]. 
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CHAPTER 4 

METHODOLOGY 

 For the current research, standard tensile tests have been conducted in order to observe 

the average mechanical properties and Nano-indentation tests have been done for the mechanical 

properties at local points on the samples. 

4.1 Tension Test 

 ‘Tensile Test or Tension Test’ is the most basic mechanical test that is performed on 

material. Not only tensile test is simple and relatively inexpensive but also it is fully 

standardized. A force is applied to pull on something in order to observe quickly how the 

material reacts to forces. From this pulling, strengths of the material can be determined along 

with how much it can be elongated before fracture.  

 

 

 

 

 

Figure 21: Typical Load versus Elongation curve from tensile test 

Elongation 

 

Load 
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 A lot of information can be extracted from tensile testing. As pulling on the material goes 

on until it breaks, the output takes the form of a good, complete tensile profile curve (Figure 21). 

This curve actually shows how it has reacted to the applied tensile force as the materials get 

elongated. Throughout the curve, it has some specific points which indicate various properties of 

the material under test. 

4.1.1 Hooke's Law 

 For most of the materials in tensile tests, the output curve has a linear initial portion that 

means the relationship between the applied tensile force (load) and the elongation of the 

specimen remains linear initially. This linear relationship is obeyed by ‘Hooke’s Law’. The ratio 

of stress to strain is a constant, E=  . E is the constant that can be obtained from the slope to the 

initial linear portion. σ and ϵ  represent stress and strain respectively [29]. 

4.1.2 Stress 

 The tensile test records the required force/load for pulling on the material on test. ‘Stress’ 

is termed as the load per unit cross-sectional area. In general, it is expressed as a mathematical 

term of ratio of force to the cross-sectional area of the material. 

 Stress can be expressed in two different ways such as ‘Engineering Stress’ and ‘True 

Stress’. Engineering stress is the easiest and the most commonly used stress. It is the ration of the 

applied force to the original cross-sectional area i.e., the cross-sectional area before the test 

begins.  
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                 =                                                                     (4)  

 Where,  and F represent engineering stress, initial cross-sectional area and force 

respectively. 

 But as the force increases, the cross-sectional area of the test specimen reduces. That’s 

why, ‘True Stress’ comes forward for more accurate measurements. It accounts for the change in 

cross-sectional area by using an instantaneous value of the area. 

Though the cross-sectional area changes, the volume remains the same. 

               =                                                                (5) 

Therefore, =   

  =   

  = (  

  = (1+ )                                              (6) 

Where, , ,  ,  represent true stress, initial length, instantaneous area, instantaneous 

length, engineering strain and change in length respectively. 
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 The reciprocal relationship between area and length may lead to much higher true stress 

than engineering stress (Figure 22) [30]. 

 

 

 

 

 

Figure 22: Engineering Stress and True Stress 

4.1.3 Strain 

 Tensile test gives the amount of change in length or elongation under tensile load. The 

term ‘Strain’ is coined to express this elongation by a mathematical expression and that 

expresses an absolute measurement in the change in length as a relative measurement.  

 Strain is expressed in two different ways such as ‘Engineering Strain’ and ‘True strain’. 

Engineering strain is the easiest and the most common expression of strain used. It is the ratio of 

the change in length to the original length. 

 =   

       =                                                                       (7)  

True Stress 

Engineering Stress 
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The symbols   represent engineering strain, initial length, final length and change in 

length respectively. 

The ‘True Strain’ is similar to the ‘Engineering Strain’ but it expresses the instantaneous 

change in length of the specimen as the test goes on. 

  

     = ln (   

          = ln (   

                                   = ln (1+                                                          (8) 

Where, represents ‘True Strain’. 

 

 

 

 

Figure 23: Stress-Strain Curve 
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http://www.instron.us/wa/resourcecenter/glossaryterm.aspx?ID=175
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4.1.4 Modulus of Elasticity (E) 

 The modulus of elasticity, E is a parameter to measure the stiffness of the material and it 

is defined as the ratio of the stress to strain but it only applies in the linear region of the curve. 

The significance of the linear region is that the material can be returned to its exactly same initial 

state if the load is removed after being applied. This linear region continues up to a point which 

is named as ‘Proportionality Limit’ as shown in Figure 23. At this point that the curve does not 

stay linear anymore i.e., it deviates from the straight-line relationship and consequently Hooke's 

Law no longer applies and permanent deformation starts to occur in the specimen. This point 

also indicates that the material starts reacting plastically to any further increase in load or stress. 

Once there exists any permanent deformation in the material, there is no chance of getting back 

to its initial state upon removal of the load [29]. 

4.1.5 Yield Strength 

 Yield Strength (YS) is the stress at a point on the tensile profile of the material at which 

the curve starts deviating from the straight-line relationship i.e., the plastic deformation starts. 

4.1.5.1 Offset Method (0.2%). 

 For some materials, the change from the linear elastic region to non-linear plastic region 

is hardly identifiable. To meet this problem, an offset method is allowed to determine the yield 

strength of the material being tested. As per ASTM (E8) a 0.2% offset line is drawn parallel to 

linear portion of the stress-strain curve as shown in Figure 23. The stress at the intersection of the 

offset line and the curve is taken as YS by the offset method [29]. 
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4.1.6 Ultimate Tensile Strength (UTS) 

 One of the properties that also can be determined from tensile test is the Ultimate Tensile 

Strength (UTS) and it is defined as the maximum stress the specimen can withstand before 

fracture during the test. The stress-strain curve goes to its maximum gradually in the plastic 

region. As soon as it reaches the top, it starts going down. The stress at the top is the UTS [29]. 

4.1.7 Fracture Strength 

 After the UTS the curve starts to go down as strain increases. The stress at which the 

specimen fractures apart is the fracture strength.  

 

4.1.8 Strain Rate 

 The Strain Rate is the rate at which the strain changes during test.  

 =   

=  ( )  

=   

                =                                                                       (9)        

=  

 

4.1.9 Sample Preparation 

 ASTM E8 standard sub-size dog bone shaped tensile test specimens have been prepared 

for the tensile tests. Introduction to various parts of the specimen has been displayed in Figure 

24.  

http://www.instron.us/wa/resourcecenter/glossaryterm.aspx?ID=178
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Figure 24: Typical Dog-bone tensile test specimen with various section names 

 It has mainly two sections such as the collar and the reduced section. Reduced section has 

smaller cross-sectional areas to make sure the fracture occurs in this region. The collars are of 

enough lengths to ease gripping. The reduced section has fillets at both ends i.e., it gradually 

changes the diameter (for round) or width (for rectangular) in order to avoid stress concentration 

at the corners. The standard sub-size dimensions (the tested samples being of sub-size) are 

tabulated in Table 5.  
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Table 5: ASTM E8 Standard Specimen (sub-size) dimension 

Description Dimension (millimeter) 

Gage Length 25.0 ± 0.1 

Width 6.0 ± 0.1 

Radius of fillet 6.0 

Overall length 100.0 

Length of Reduced Section/ 

Distance between shoulders 

 

32.0 

Length of Grip Section 30.0 

Width of Grip Section 10.0 

 

 The thickness of the specimens does not have any proper dimension while it follows a 

range. The ASTM sub-size standard specimens for the test have a thickness 3.5 mm that follows 

the proper range (it can be maximum 6 mm).  

 Apart from the dimensional specifications, the testing samples are fabricated by EBM 

with different build styles (Figure 25). The three types of specimens are put together in order to 

juxtapose with the layer addition (build-orientation) along three Cartesian coordinates. 

 

 

Figure 25: (a) Flat-Build (b) Side-Build (c) Top-Build 

(a) 
(b) (c) 
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Figure 26: Reduced Section of Top-Build specimen 

 The specimens are lying on the xy-plane on the build table. The layers are added along 

the three different orientations. The specimen with the layers added along its long axis (overall 

length) is identified as ‘Top-Build’ specimen. Therefore, the number of layers in this specimen is 

the highest but their dimensions are of minimum values. The specimen that has layers along the 

thickness is distinguished as ‘Flat-Build’. Each layer has a length and a width of those of the 

standard specimen. The number of layers is the lowest in this case as the thickness is of the 

shortest dimension in the geometry. The ‘Side-Build’ specimen is identified by the orientation of 

layer addition along its width. The layers are of the same length as those in the ‘Flat-Build’, but 

their width is of the thickness of the standard sample. The number of layers stays in between 

those of the ‘Flat-Build’ and ‘Top-Build’. 
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Figure 27: Reduced Section of Side-Build specimen 

 Enlarged views of the ‘Reduced Section’ for each type of the sample fabricated by EBM 

have been put here. The co-ordinate system associated with each picture functions with respect 

to the geometry of the given standard sample (2D). It is like a slice of a 3-D geometry. For each 

case, the thickness is assumed along the y-axis. It is easily observable that for the same geometry 

of the final product, the top-build specimen has layers added along the z-axis (Figure 26), the 

side-build specimen has those along x-axis (Figure 27) and  the flat-build has the layers along y-

axis (Figure 28). 
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Figure 28: Reduced Section of Flat-Build specimen 

4.1.10 Apparatus for Tensile Test 

 An electro-mechanical tensile testing machine (MTS QTEST/25) (Figure 29) has been 

used for the tests with a load cell of capacity 5000 lbs. 

 The Advantage 
TM

 Mechanical Wedge Grips have been used that provides the 

functionalities of self-tightening during test that reduces slipping, side loading design that 

provides easy specimen insertion, standard pinned adapter for easy installation and removal [31]. 
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Figure 29: Electro-Mechanical Tensile Testing Machine 
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An axial extensometer of series 634.11 from MTS Systems ( 

Figure 30) has been used to measure strain. Its gage length is 1 inch. 

 

Figure 30: Extensometer 

The machine is connected to a computer for the input and output record and data collection.  

 

4.2 Nano-Indentation Test 

4.2.1 Hardness 

 The Metals Handbook defines hardness as "Resistance of metal to plastic deformation, 

usually by indentation. However, the term may also refer to stiffness or to resistance to 

scratching, abrasion, or cutting. It is the property of a metal, which gives it the ability to resist 

being permanently, deformed (bent, broken, or have its shape changed), when a load is applied. 

The greater the hardness of the metal, the greater resistance it has to deformation [32]. 
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4.2.2 Hardness Measurement 

 Traditionally a load (P) is applied on the indenter. It is increased up to user defined load 

and then either held or removed. The indented area left, termed as ‘Residual Area ( ’ is 

measured by light microscopy. The hardness follows the formula. 

                                                                            (10) 

Where, H and  stand for hardness and maximum load. 

 

 Unlike micro- or macro-hardness, nano-indentation uses depth sensing indentation 

technique that does not necessitate imaging of residual indent. In this technique, a diamond tip is 

indented and a synchronous load vs. displacement curve is developed (Figure 31). Hardness and 

Elastic moduli can be found using this curve by Oliver and Pharr method.  

 

Figure 31: Load-Displacement curve 

The unloading curve is well approximated by the power law equation 

          P = C(h-
m

                                                              (11) 

Load, P 

Displacement, h 

Loading 

Unloading 
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Where, P is load, C and m are curve fitting parameters, h and are the depth and the residual 

depth respectively. 

               S =                                                                  (12)  

           = {C(h-
m

} 

        = mC(  - )
m-1

                                            (13) 

Where, S is the stiffness of the contact and it is the slope of the unloading curve at maximum 

load,  is the maximum depth.  

 Assuming pile-up to be negligible, the amount of sink-in,  

                   = ε                                                               (14) 

And the contact depth, 

=  -  

                                                                    =  - ε                                                     (15) 

 

Where,  is the contact depth and ε is a constant related to the geometry of the indenter. 

 Projected contact area, ) is evaluated by empirically determined indenter shape 

function at contact depth. 
 
 

                                 ) =  + +  +  +  +                             (16) 

= 24.5 for ideal berkovich geometry 

     Hardness, H=                                                         (17) 

and 

                                            Reduced Young’s Modulus,  =                                         (18) 
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 Reduced Young’s Modulus,  takes into account the fact that displacement occurs in 

both the specimen and the indenter. Young’s Modulus of the tested material, E is related to the 

reduced modulus by the following formula 

      =  +                                                            (19)      

 Where,  and ν are the Poisson’s ratios of the indenter’s material and the material under 

test, and E are the young’s moduli of the indenter material and the target material respectively.  

 

4.2.3 Sample Preparation  

 For Nano-indentation test, a piece with dimension 20×10×3.5 mm (L×W×H) (Figure 32) 

was cut out of flat-build and side-build specimens and then ground with sandpapers of 180, 240, 

400, 600, 800, 1200 grits and polished with 1 μm, 0.3μm and 0.05 μm powder sequentially. Flat-

build, side-build samples were indented at a 3×50 pattern (Figure 34) at 3 positions denoted in 

the figure.   

          

(a)        (b) 

Figure 32: Sample preparation of (a) flat-build and (b) side-build specimens for nano-indentation 

tests. The red areas in the dog-bone specimens are showing the faces in the block directing 

perpendicular to the page. The numbers for both the samples are indicating the positions where 

tests were done. 

 Two samples have been prepared for the top-build specimens. One is cut out of the upper 

region and the other one from the bottom region with respect to the build table of the Electron 

1 

2 

3 

1 

2 

3 

(a

) 

(b

) 
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Beam Melting System. The sample from bottom region has the same dimension as of the 

previous samples. The one from upper region has a dimension of 10×6×3.5 mm (L×W×H) 

(Figure 33). Both the samples were prepared by grinding and polishing the sample way described 

before. 

 

     

 

Figure 33: Sample preparation of top-build specimen for nano-indentation tests. The red areas 

are showing the locations in the dog-bone specimen. The numbers (left) and the dots (right) in 

the samples are indicating positions where tests were done. 

 

 

Figure 34: 3 × 50 pattern of nano-indentations. The distance between two consecutive indents in 

rows is 5 micron and between two columns is 3 micron (not scaled accordingly) 

 

 

 

 

 

 

Build-table 
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4.2.4 Apparatus for Nano-indentation Test 

 

 

Figure 35: Nano-Indentation Testing System 

 TI 900 TriboIndenter
® 

(Figure 35) manufactured by HYSITRON has been used. The tip 

had been of Berkovich type with a 142.3 degree angle and 100 nm radius of curvature. The 

system is connected to a computer for the necessary input and output and data collection. 

 This indenter uses an ‘Area Function’ based on the geometry of the tip that provides real 

time nano-hardness values from the load-displacement curve. H and  are found directly from 

the software output. 

 The loading time was 10 seconds and then the tip was held at the maximum load for 5 

seconds and the unloading time was again 10 seconds. 
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CHAPTER 5 

RESULT AND DISCUSSION 

 The set of ‘load versus extension’ data leads to ‘stress versus strain’ once the formulae 

apply. A typical ‘True Strain versus Time’ curve (Figure 36) follows the trend of having a 

gradual increase of strain (true) with time. This portion has been identified as being in the elastic 

region. After that, the curve experiences a sudden change in increase and again follows a gradual 

increasing of strain with time but with a higher slope compared to that in the elastic region. The 

second portion has been identified as the plastic region. The slopes of these two portions give the 

strain rate of these two regions.   

 

Figure 36: Typical True Strain versus Time curve from current tensile tests 

 

Six to seven specimens in each build direction have been tested using Electro-mechanical 

Universal Tensile Testing Machine. A representative stress-strain curve for all three build 
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directions are given in Figure 37. It is to be noted that the curves produced by the tensile tests 

under the same condition i.e. same cross-head speed and same test equipment. This trend has 

been observed for almost all the test data which are presented graphically.   

 

 

Figure 37: Representative stress-strain curves for three types of specimens 

 Initially various cross-head speeds have been given as input in order to vary the strain 

rates. Histograms are given to visualize the differences in UTS (Figure 38), E (Figure 39) and YS 

(Figure 40) at various strain rates. The output strain rates (plastic regions) from the input cross-

head speeds vary a little. Observation 1 and 2 had cross-head speed of 0.05 inch/min as input and 

the calculated output strain rates are 5.17×10
-4

 s
-1

 for flat-build, 5.37×10
-4

 s
-1

 for top-build and 

4.4×10
-4

 s
-1

 for side-build samples. 
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Figure 38: Histogram representing UTS at various strain rates 

 Observations 3 and 4 had cross-head speed have been doubled i.e. 0.1 inch/min as input 

and the output strain rates are 8.4×10
-4

 s
-1

 for flat-build, 1.03×10
-3

 s
-1

 for top-build and 8.44×10
-4

 

s
-1

 for side-build. 

 

 

Figure 39: Histogram representing E at various strain rates 



 

60 

 

 Again, observations 5 and 6 had cross-head speed of 1inch/min as input and the output 

strain rates are 1.16×10
-2

 s
-1

 for flat-build, 9.88×10
-3

 s
-1

 for top-build and 7.66×10
-3

 s
-1

 for side-

build. 

 

Figure 40: Histogram representing YS at various strain rates 

The histograms include all the outputs from the tensile tests. 2 tests were run under each 

strain rate. Varying strain rates did not yield any trend in mechanical properties. There are some 

significant changes based on these varying cross-head speeds but ended up without a consistent 

trend. It is expected that if the number of tests increases significantly, there is great possibility to 

develop a trend based on the strain rates. 

In order to estimate the deviation of the test results from the literature values, test results and 

reported results in various papers have been averaged. These average values have been 

considered as the representative property value for the particular type sample.as there is no 

standardized value so far and the deviations have been tabulated in Table 6. Flat-Build 

specimens have the lowest negative deviations for YS and UTS while the deviation becomes the 

positive highest for E. 



 

61 

 

Table 6: % of deviation of values of various mechanical properties of different type of samples 

from the mean values in literatures 

  

Average 

literature 

 value 

% of deviation for 

Flat-Build 

% of deviation for 

Top-Build 

% of deviation for 

Side-Build 

YS 925 -7.24 -21.41 -14.92 

UTS 968.6 -6.36 -19.90 -12.45 

E 90.5 40.38 31.49 31.49 

 

The elastic moduli obtained from the slopes of the curves in the elastic regions for these three 

different build orientations are shown in Figure 41. A comparison with literature values is 

provided in the same figure. Murr et al. [24], Lindhe and Harrysson [33] reported the Elastic 

Modulus to be 128 GPa, Schroeder [34] reported it as 120 GPa while Thundal [35] found it as 

114 GPa. The experimental results are easily comparable to these. Flat-builds show an average of 

E as 127 GPa which is almost 7% higher than the others. 

 

 

Figure 41: Comprehensive plots of elastic modulus from (a) Tensile test and (b) Literature 
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The yield strength was determined using 0.2% offset strain. The range of yield strength lies 

in between 735 MPa and 1350 MPa as reported by Koike and Okabe [36] and Murr et al.[24]. 

But the most frequent values are reported to be in between 850 MPa and 950 MPa. The YS 

readings from the current tests are lower for Side-build and top-build specimens while the flat-

build specimens have quite comparable values that are shown in Figure 42. The mean value of 

Yield Strength for flat-build specimens is about 858 MPa which is 8.3% higher than that of the 

side-build samples and 15.3% higher than that of the top-build samples. 

 

Figure 42: Comprehensive plot of yield strength from (a) Tensile test and (b) Literature 

 The Ultimate Tensile Strengths have been reported to be above 900 MPa mostly. The 

values obtained in this study are lower than those in the literature as shown in Figure 43. The 

flat-build specimens have an average TS of 907 MPa which is 6.5% higher than that of the side-

build and 14.5% higher than that of top-build specimens. 
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Figure 43: Comprehensive plot of ultimate tensile strength from (a) Tensile test and (b) 

Literature 

        The literature values of the properties in the previous figures include variation of surface-

finishes i.e. machined, polished or as-fabricated (ripple surface). Because of that, standard 

deviation is far bigger compared to the test results. It has been already mentioned that each point 

in the tensile test results represents an average of six tests. Considering and comparing the 

standard deviations, the repeatability of the results can be assured.  

 

 Flat-build specimens have significantly greater property values each time while being 

compared to other build-orientated specimens. These differentiations can be explained by 

Microscopic Failure Theory that describes the stages of failure of a material under load. The 

GTN model (Gurson, Tvergaard and Needleman) says void nucleates at the beginning and grows 

until it meets a local plastic fracture. It leads to coalescence of neighbor voids and visual failure 

takes place (Figure 44). 

 

http://en.wikipedia.org/wiki/Alan_Needleman


 

64 

 

 

 

 

 

Figure 44: GTN model of microscopic failure  

  Under tensile loading, the metallic bonds are broken. Both the bonds existing in the same 

layers and the bonds in between two consecutive layers are broken for the failure. After the 

powder being melted i.e., formation of a layer, new powder is spread on it. The cooling or 

solidification of the previous layer starts right after that. The heat is conducted to a) the 

surrounding powder that does not take part in production and functions as insulator and b) the 

newer powder layer lying upon it. A portion of heat is also conducted through the layer towards 

the base plate. This conducted heat is the only heat source that binds these two consecutive 

layers. Therefore, it is conceivable that the bonds between layers are not as strong as those in the 

same layers. These bonds between layers tend to fail easily. Therefore, the tensile loading on top-

build specimen acts like pulling layers apart and thus they fail at a comparatively lower stress or 

force and this is reflected by the much higher standard deviation. 

 

For the side-build and flat-build samples the tensile force acts along the layers. Observing the 

production process, the layers are added along the height (standard dog-bone specimen) for the 

flat-build and along the width for the side-build. So, the number of layers in side-build is about 

the twice the number of layers available in flat-build. As a result, more chances of existence of 

voids and/or unmelted powder (considered as stress concentration locations) are possible for 

side-build compared to flat-build. 

.      .        

.        . 

   .        

.        .

  

.       .       

.        . 

   .        

.        .
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It has been observed that the machined and/or polished specimens show higher values than 

unpolished ones because most of the reported values of different mechanical properties in the 

literature used polished and/or machined samples. Murr et al. (24) found the YS and TS as 1350 

MPa and 1450 MPa for machined and polished specimens while the machined but unpolished 

specimens gave 1130 MPa and 1180 MPa as YS and TS. The current test specimens were as-

fabricated (Figure 45) by EBAF according to the design made in STL format. Therefore, rough 

and rippled surfaces have larger stress concentrations. These concentrations help extend the 

cracks at lower stress than what is required to initiate the crack. Chahine et al [37] found this 

kind of results in an experiment where they compared the results between two samples, one was 

polished with a sandpaper and the other one was as-fabricated i.e., with rough-rippled surface. 

Donachie [38] also found similar phenomenon [20]. 

 

 

 

Figure 45: Specimen surface edge at 100 x magnification 
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 The fracture surfaces of three different types of sample expose some of the features that 

contribute to the failure which affects their mechanical properties. JEOL 7000 (SEM) has been 

used to capture the fracture surfaces of 3 types of the specimens in tensile tests under the same 

cross-head speed and same condition. All images are of the same magnification (X25).  

 

 

Figure 46: Face-build sample fracture surface. Enlarged view refers to the dimple feature 

 



 

67 

 

 
 

Figure 47: Fracture Surface of Side-Build Samples 

 
 

Figure 48: Fracture Surface of Top-Build Sample 
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 Figure 46 shows the existence of sliding in the flat-build samples that reveals shear 

fractures. It provides a hint that there exists layer of gas created by the high heating for melting 

which does not allow attaching the powders of its two sides. Besides, voids are quite common 

throughout the fracture surface. These provide great sources of stress concentration and fracture 

propagation. Dimple features in all the samples prove ductile fracture under the tension tests.  

Figure 47 shows existence of unparticipated and unmolted powder granules that create 

void and stress concentration. There is always a great chance of their existence in between the 

layer as there is no heat source to adjoin two layers. It’s the transferred heat that acts on this case.  

Figure 48 shows the existed of TiO2 along with the dimple features. These particles are created 

by chemical reactions at high temperature.  

For nano-hardness tests, almost 130-150 indents have been done at each position on all 

the specimens. The program was set to indent 150 points for each run of the test. But absurdly 

deviated outputs have been discarded for graphical presentation and that has been tabulated in 

Table 7. Figure 52 has the hardness results and Figure 53 has the Elastic Modulus at the targeted 

3 positions of the specimens. Representative Load vs. Distance curves have been added (Figure 

49, Figure 50, Figure 51) for each of the build-directions. 
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Figure 49: Curves (representative) of Load vs. Displacement of flat-build samples 

 

Figure 50: Curves (representative) of Load vs. Displacement of side-build samples 
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Figure 51: Curves (Representative) of Load vs. Displacement of top-build samples 

 

Table 7: No of indentations considered for calculation 

 Position 1 Position 2 Position 3 

Flat-Build 141 134 141 

Side-Build 146 150 150 

Top-Build (upper section) 149 147 143 

Top-Build (Bottom section) 143 143 149 
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Figure 52: Hardness test results from nano-indentation test. (Top-Build refers to the upper 

portion here) 

 

 

 
 

Figure 53: Elastic Modulus of samples from nano-indentation tests 

 (Top-Build refers to the upper portion here) 
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 The greatest hardness (H) is found in flat-build samples and the lowest in top-build ones. 

The pores, inharmonious distribution of melted powder affect the local properties that seem 

continuous throughout the whole structure. It is worth mentioning that the test samples were 

bigger more than enough for the test and sophisticated precaution was not taken to assure the 

evenness of the plane that went under indentation. It may create two scenarios. Firstly, the plane 

that is grounded and polished may have variable thickness. Secondly, it may be a part of layer or 

the joining portion of two consecutive layers. Both have negative effect on the test and may 

create confusing results enough.  

 

 Murr et al. have reported the average micro-indentation hardness ranges from 3.6 to 3.9 

GPa [20]. Li et al. have found the average nano-indentation hardness values lie in between 4-5 

GPa [39] and there is currently no available data on it. Qian et al. have found that nano-

indentation hardness values are 10-30% higher than the micro-indentation hardness values for 

the same samples [40]. In order to compare the test results a standard is required and therefore, 

the available average micro-hardness is multiplied by a factor (1.3) and thus the standard for the 

current test has been considered to be 4.5 GPa 

 

 

Table 8: Nano-indentation hardness test results comparison 

 Flat-build Side-build Top-build 

(bottom) 

Top-build 

(top) 

Average test values (GPa) 6.06 5.76 5.16 4.11 

Deviation 34.6% 28% 14.67% -8.67% 
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 Flat-build surpasses the other two in all the cases. It claims the highest hardness, 34.6% 

more than the average and the top-build gets the least hardness.   

 

Figure 54: Comparison of hardness between two sections of top-build sample 

 

 The top portion of the top-build sample (Figure 54) shows almost 20% less hardness than 

its bottom portion. This feature can be attributed to the microstructure difference as it differs due 

to the cooling rate. Since the build table remains at about 850  while the melting occurs above 

882 , the temperature gradient is higher close to the build table. Heat that is conducted to the 

surrounding insulator powder does not participate in melting, and the conducted portion that 

flows towards build table contributes to the grain morphology. Thus the solidification rate at 

bottom is higher that leads to finer α-plates while the slower solidification rate at the top region 

leads to coarse α-plates [19]. The averages of the calculated Elastic Moduli for flat-build, side-

build, top-build (bottom), top-build (upper) are 125.52 GPa, 126.67 GPa, 85.57 GPa and 122.49 

GPa respectively. 
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CHAPTER 6 

CONCLUSION AND FUTURE WORK 

 EBM process can be a complex manufacturing process depending upon different 

processing parameters of the system, ranging from beam power and beam size to scan speed and 

scanning direction /scanning strategy. Still, parameters have not been optimized to understand 

the effect on grain morphology.  

 There is a possibility to obtain somewhat different microstructures in EBM built Ti-6Al-

4V parts built with different set of processing parameters. This is possible due to the fact that the 

different set of processing parameters provides somewhat different built environment and 

cooling conditions. 

 Anisotropy for different build direction suggests that flat-build is superior to all in 

regards with strength. It’s hardness at local points also surpasses those of others. But it depends 

on the loading direction. Designs with minimum layers parallel to the loading direction have 

chances to show greater reliability.  

 Strain rate can be a vital parameter in the application side of the products. Fatigue stress 

can also limit their application. These effects need to be investigated vigorously in future. 
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