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Abstract: 

The titanium alloy, Ti-6Al-4V, is vastly studied and used in many applications because it has 
a transformation microstructure, which can be tailored for apt properties that are consistent up 
to 500°C. Compared to conventional steels, this alloy favours certain applications due to its 
high specific strength, hardenability, corrosion resistance, biocompatibility and weldability. Its 
weldability makes the alloy a good candidate for additive manufacturing (AM). Ti-6Al-4V 
parts are widely built by the AM process of electron beam melting (EBM). However, heat 
transfer remains crucial in EBM process. The high intensity localized, moving, electron beam 
heat source and the rapid self-cooling are critical, especially in thin parts/ sections. When thin 
sections are built by the EBM process, there will be microstructural variation in their build 
direction, which can lead to the variation of their mechanical properties. It is necessary to 
understand the microstructure and mechanical properties of thin sections when they are used 
as functional parts in various applications in aerospace, automotive, medical, etc. industries. 
The microstructure, tribological behaviour and mechanical properties of Ti-6Al-4V, as-built 
EBM thin plates were studied by means of various hardness, scratch and tensile testing. The 
hardness and scratch tests were performed on the thin plates to correlate the microstructural 
variation. In-situ micro tensile test was performed inside the scanning electron microscope 
(SEM), to see the sample’s deformation behaviour. Microstructural characterization revealed 
equiaxed grains in the transverse section and the longitudinal surface exhibited columnar grains 
elongated along the build direction. The size of the equiaxed grains are found to vary across 
the thickness of the plate. The indentation and scratch hardness also vary in correlation with 
the varying grain size across the plate’s thickness. The micro tensile results reveal that the 
tensile properties of the thin plate are comparable to that of its bulk Ti-6Al-4V counterpart. 

 

Keywords: Additive manufacturing (AM), Electron beam melting (EBM), Mechanical 
properties, Tribological behaviour, Microhardness, Micro tensile, Thin sections, Ti-6Al-4V.
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1. Introduction 
Additive Manufacturing technique is used to build fully dense, near-net-shape parts without 
using tools, unlike in the subtractive machining, casting and forging methods. AM uses the 
computer-aided design (CAD) concept of slicing a 3D part’s model into 2D layers and fusing 
layer-upon-layer of unit feedstock material according to the CAD software. Often by using a 
focused, scanning heat source [1-3]. This offers high design and build freedoms, allowing 
complex shaped hollow parts to be built routinely from metallic and non-metallic feedstock 
materials such as powder, wire, thin sheet etc. In the electron beam melting (EBM) powder bed 
fusion process, critical pre-alloyed Ti-6Al-4V powder is routinely fused using an electron 
beam. The Ti-6Al-4V parts built by EBM endure rapid, repeated, high temperature gradient, 
which often cause local variation in the transformation microstructure of the α-β alloy. This 
can result in heterogeneous mechanical properties along the build direction of such a part [4]. 

Heterogeneity is found to reduce with increasing part volume [5] due to reduced cooling rate, 
but the initial layers on the steel base plate have finer microstructure, due to added cooling by 
conduction through the steel plate. This effect is often solved by making allowance, and then 
trimming off the first 2 mm. However, in sections thinner than 2 mm or in parts that material 
removal is impossible, such variance becomes of interest especially when strength is the main 
design parameter [6]. Applications of thin-sectioned parts are growing significantly and 
diversely. The quest for multi-functional, low-cost, low-weight part, as well as advent of new 
analysis techniques, new materials and new building processes have all aided this growth [7]. 

The influence of build process parameters on the microstructure and mechanical properties of 
EBM Ti-6Al-4V is vastly studied. Tan et. al. studied, dependence of Ti-6Al-4V micro (thin) 
and macro EBM as-built sample properties on thickness and geometry, using straight and 
curved sections of varied thickness [5,8]. J.C Santos studied, microstructures, mechanical 
properties and fracture surfaces of Ti-6Al-4V, direct metal laser sintered (DMLS)/ laser metal 
deposited (LMD), micro sample [9]. Koike et. al. analysed the grindability, tensile properties 
and microstructure of Ti-6Al-4V as-built EBM macro-sample [10], and Xiaoqing et. al.’s 
electron backscattered diffraction (EBSD) analysis is also on Ti-6Al-4V, as-built EBM macro 
sample [11]. Most extant literature compares macro samples, excluding EBM micro samples. 
In-depth literatures on the microstructure, behaviour and properties of Ti-6Al-4V, EBM as-
built micro sample are scanty. 

1.1 Aim 
Correlation of the microstructures, tribological behaviours and mechanical properties of thin 
Ti-6Al-4V, EBM parts are less studied and documented. Therefore, this thesis encompasses 
laboratory work to study the microstructural, mechanical and tribological behaviour of the as-
built EBM Ti-6Al-4V thin plates. The aims of this study are to characterize the elastic and 
plastic properties and behaviour of the EBM thin plate, by means of indentation and abrasion 
(scratch) testing. While the tensile properties, deformation behaviour and fracture mechanism 
will be obtained by tensile testing. The main objective is to correlate the variation observed in 
the microstructure to the indentation hardness, scratch hardness and elastic modulus. As well 
as to the tribological behaviours such as the friction coefficient, wear and the critical load for 
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material removal (i.e., wear) initiation. The secondary objectives are to establish the fracture 
mechanism and the tensile properties of the studied thin plate. 

Various micrographs captured from different areas of the thin sample will be analysed to reveal 
the microstructural variance in terms of the grains (size and morphology), as well as phases 
(composition and distribution). Then, several indentation and scratch hardness testing will be 
done on different sections and in different directions, using constant and progressive loads. In 
order to obtain the sample’s elastic modulus, indentation hardness, scratch hardness, friction 
coefficient, critical normal load for material removal, in these sections and directions. 

Furthermore, in-situ micro-tensile testing will be done at a constant strain rate until the EBM 
tensile sample fractures. The sample will be strained inside the SEM to obtain micrographs, 
fractographs and videos at different strain fields. The data will be analysed, to establish the 
deformation behaviour, fracture mechanism and tensile properties of the studied material. The 
experimental work was carried out with the help of a LOM, SEM, Deben micro-tensile stage, 
micro-combi indentation tester and the CSM Revetest scratching devices respectively.  

The next chapter (chapter 2) covers a theoretical background on Ti-6Al-4V and additive 
manufacturing. The studied samples and the experimental methods used to obtain the results 
are described in chapter 3. In chapter 4, the theoretical and experimental results are presented 
and discussed. Chapter 5 summarizes the main conclusions from this thesis work and a path 
for future work. 
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2. Literature review and Background 
2.1 Titanium (Ti)  
Ti is the ninth most abundant of all elements and the fourth most abundant of the structural 
metals, after aluminium (Al), iron (Fe) and magnesium (Mg). It occurs in natural state as 
ilmenite (FeTiO3) or rutile (TiO2) in mineral sands. Hence, Ti and Ti-alloys form a passive 
oxide film, which is corrosion resistant and biocompatible. The metal rarely occurs in high 
volume or in pure state and it is difficult to purify the oxide, making pure Ti metal expensive. 

2.1.1 Physical properties  

Ti is the lightest heavy metal. It has twice the density of Al but, about half the specific weight 
of Fe, Ni or Cu. Its thermal conductivity is one tenth that of Al and its thermal expansion is one 
third that of Al, (half that of steel). Some properties of pure Ti are shown in Table 1 [12]. 

Table 1. Selected physical properties of α-Ti, greater than 99.9% purity, at 25 oC [12]. 

Physical properties of α-Ti, > 99.9% pure, 25 oC 
Thermal expansion coefficient [106 K-1] 8.36 
Thermal conductivity [W/mK] 14.99 
Elastic modulus [GPa] 115 
Poisson’s ratio 0.33 

2.1.2 Crystal structures  

Ti is allotropic, with properties tied to its atomic structure and bonding. At room temperature 
(RT), it exists in an hexagonal closed packed (hcp) structure, also called the α-phase. Above ~ 
882 °C temperature, phase transformation occurs and Ti exists in body center cubic (bcc) 
structure, also known as the β-phase. So, this is also called the β-transus temperature (βT). It 
retains β-phase until its melting point (TM), of ~1670 °C, called the liquidus temperature [13]. 
Figures 1a and b, show hcp and bcc Ti crystal structures respectively, with lattice parameters.  

  
Figure 1. The crystal structures and lattice parameters of (a) α and (b) β-phases of Ti [12,14]. 

The bcc unit cell contains a total of 2 atoms with an atomic packing factor of 0.68. While the 
hcp unit cell, containing a total of 6 atoms and a packing of 0.74 is more densely packed [15].  
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2.2 Ti alloys  
Conventional Ti alloys retain their high specific strength up to 500°C, and are limited by only 
their oxidation behaviour. Ti-aluminide (Ti-Al) partly overcomes this, and competes well with 
high temperature steels and Ni-based superalloys (see Figure 2). So, Al remains a vital Ti-alloy 
stabilizing element. Ti and Ti alloys’ light weight, transformation microstructure, passive oxide 
film, allotropy and high βT, give them high specific strength, resistance to corrosion and 
textures. These in turn gave them early success in aerospace, chemical, marine, bio-medical, 
architecture and power industries. However, challenges including machining are also 
associated with Ti and Ti alloys [12]. Although, this is now avoided by AM technology. 

 
Figure 2. Specific strength vs temperature of Ti-alloys compared to selected materials [12]. 

2.2.1 Alloying elements 

Ti can be alloyed with elements called stabilizers. Such elements influence the characteristics 
of the material (e.g., by altering the βT) and are often classed by their effect on the βT. The α-
stabilizers raise the α-phase field temperatures and form two phases (α+β) on boosting the α-
phase field. Al, which is by far the most vital alloying element of Ti, is among the interstitial 
α-stabilizers. The β-stabilizers lower β-phase field temperatures. β-isomorphous stabilizers 
(Mo, V, Ta) are more vital and soluble in Ti, while β-eutectic (Fe, Mn, Cr, Co, Ni, Cu, Si, H) 
can form intermetallic compounds. There are also neutral elements including Sn and Zr. The 
neutral elements hardly alter the βT as seen in Figure 3. With non-metal elements (impurities) 
of a few hundred parts-per-million often present in all cases [12,13,16]. 

 
Figure 3. Phase diagrams, showing the influence of alloying elements on Ti/ Ti-alloys [12]. 
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2.2.2 Ti-alloys classification 

Conventional Ti-alloys may be classified as α-alloys, near α-alloys, α-β alloys, metastable β- 
alloys and β-alloys. The α-alloy contains commercially pure (cp) Ti and only α-stabilizers as 
seen in Figure 4. The near α-alloy is gotten by adding small volume fraction of β-stabilizing 
element/s at TR. The most widely used α-β alloy class, is formed if a β-volume fraction of 5% 
to 40% is added at TR. A metastable β-alloy is obtained by increasing β-stabilizer element/s 
volume fraction to a point that β stops transforming into martensite upon quenching in the two-
phase field. Lastly, one-phase β-alloys form with all β-stabilizer/s. Martensitic (αI, αΙΙ), 
intermetallic (γ) or aluminides (Ti3Al) may exist, depending on the alloying element/s [12]. 

 
Figure 4. Phase diagrams (3-D), illustrating Ti-alloys classification [12]. 

The α, α+β and β Ti-alloys influence material properties and behaviors as shown in Table 2. 

Table 2. Influence of material properties of α, α+β and β Ti-alloys [12]. 

Property / behavior α α + β β 
Density positive positive negative 
Strength negative positive positive 
Ductility negative/positive positive positive/negative 
Weldability positive positive/negative negative 

2.3 Ti-6Al-4V alloy 
Ti-6Al-4V is a two-phase (α and β), Ti-alloy with two main stabilizing elements. Al, is the α-
stabilizer and V is the β-stabilizer. About 50% of all mined Ti is used to produce Ti-6Al-4V 
alloy. Ti-6Al-4V is utilized for about 80% of all the parts used in aerospace applications [12]. 

2.3.1 Composition 

The American society for testing and materials (ASTM) standard chemical composition of 
additively manufactured Ti-6Al-4V part by powder bed fusion is as shown in Table 3.  

Table 3. ASTM F2924 standard chemical composition of AM Ti-6Al-4V powder [17]. 

Element Ti  Al V N C H Fe O 
ASTM F2924 (wt. %) Balance 5.5 - 6.75 3.5 - 4.5 < 0.05 < 0.1 < 0.015 < 0.3 <0.2 
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2.3.2 Microstructure 

The equilibrium microstructure of Ti-6Al-4V at RT is α+β phases. With high α-phase and low 
fraction of retained β-phase (highly depending on cooling rates and previous heat treatments). 
Subsequent heat treatment often by mild annealing at 730 °C for 4 hours, gives a more ductile 
microstructure with globular crystals of β-phase within an α-matrix [18]. Following this by 
ageing heat treatment often dissolve the martensite formed from the rapid quenching process.  

2.3.3 Fabrication 

Ti-6Al-4V parts can be fabricated by extrusion, rolling, forging, casting, powder metallurgy, 
superplastic forming, welding, joining machining, thermochemical and AM. Ti/ Ti-alloy have 
relatively low thermal conductivity, elastic modulus, diffusivity, dislocation/ grain boundary 
mobility and limited ductility. With marked plastic anisotropy, chemical activity and material 
removal difficulties such as segregation, tool wearing, work piece spring back, galling and 
porosity [12]. The advent of AM technology has helped to prevent or avoid such material 
removal and waste challenges that are associated with subtractive Ti-6Al-4V part fabrication.  

2.4 Additive Manufacturing process 
Additive manufacturing (AM), is a "process of joining materials to make objects from 3D 
model data, usually layer-on-layer, as opposed to subtractive manufacturing methodologies, 
such as traditional machining" [19]. First used for rapid polymer prototype in the late 1980’s, 
it soon turned to a commercial near-net-shape technique of building fully dense part without 
tool. Owing to design and build freedoms, increasing knowledge base, consistent database and 
standardizations. High design and build freedoms give AM a high potential to build parts for 
aerospace applications. Since hollow complex parts save cost by weight reduction (low buy-
to-flight ratios), reduce fuel consumption and subsequently CO2 emission than the heavier 
subtractively built parts. 

The EBM powder bed fusion process can build parts for aerospace applications using critical 
and costly materials such as Ti [20,21]. Although, other AM processes, e.g., selective laser 
melting (SLM), direct metal laser sintering (DMLS) are also used [22]. Ti-alloys are the main 
AM materials used for Aerospace and medical applications [23], because they have good 
mechanical properties, corrosion resistance, biocompatibility, specific strength, etc. [18] and 
versatile microstructural constituent, which can be tailored for desired material properties (by 
varying cooling rates or building process parameters). Furthermore, they have good 
hardenability and weldability. For these reasons, Ti-alloys are preferable to cheaper materials 
and are good candidates for producing parts by the EBM powder bed fusion process of AM. 

2.4.1 EBM powder bed fusion 

AM process is often named after the feedstock material (e.g. powder, wire) and heat source 
(e.g. electron beam, laser beam), used to fuse the unit material. The EBM powder bed process 
uses high speed electron beam to fuse several powder layers into complex 3-D shaped part, by 
a generalized 2-D layer upon layer melting principle [3,8,24,25], as shown in Figure 5a and 5b. 
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(a)  (b)  

Figure 5. Schematics (a) Arcam EBM set up [26], (b) 4-step process of building a layer [27]. 

Current heats up the electron gun tungsten filament to generate and emit electron beam up to 
3000 watts. The beam is accelerated to repositioning speeds of 0.1 to 0.4 times the speed of 
light, by 60-kV voltage applied between the anode and cathode. Producing a melting capacity 
and velocity to selectively melt various pools simultaneously. A combination of electrostatic 
and electro-magnetic lenses and coils are used to focus the beam density up to 100 kw cm−2 
and deflect it at high velocity with precision beam control for accurate layer melting [27,28].  

The 4-step layer melting (building) process in Figure 5b, begins by slicing the 3-D computer 
aided design (CAD), model of a part into 50 µm layers by Arcam software. The software also 
controls the beam motion via the deflection coils. The velocity of the electron decreases as it 
hits the metal powder atoms in the bed. This turns its kinetic to thermal energy, which melt and 
fuse the metal powder. The build platform is lowered by the layer thickness (i.e., 50 µm), and 
the next powder layer is spread on the newly fused layer. Each layer is pre-heated to ~ 730°C 
before melting (Figure 6a), to fully fuse it to prior layers (by re-melting underlying prior 
solidified layers), and to keep the entire process at ~ 730°C. On preheating, the software scans 
the beam on the powder layer at a lower velocity (~ 4 m/s), to melt the powder particles 
according to the CAD model as shown in Figure 6b. Melt strategies defined by various process 
parameters including beam power (P), beam velocity (v), distance between lines (d), beam 
offset focus and number of contours are used. Areas are often melted by changing beam 
direction in each line and each layer by 90°(hatching). EBM also permits the so-called quasi-
multi-beam contour melting mode (melting contours by simultaneous point-to-point jumping 
of the electron beam up to 100 points) as shown in Figure 6c. This allows the use of different 
melt strategies for the inner core and outer surface areas, which helps to increase the surface 
quality of the built part by reducing the surface roughness. 

Unlike SLM or DMLS, the EBM high energy, precision and repositioning speed beam allows 
simultaneous maintenance of several melt pools. Electron beam is easily focused or moved by 
inertia-free electromagnetic lenses at 105 m/s beam speed (i.e. near-instantaneous point-to-
point hops). Allowing fast, innovative heating and melting strategies in vacuum condition. The 
build chamber vacuum stops beam scattering on hitting gas atoms, powder oxidation, powder 
dusting, and lowers thermal distortions from intense heating [26,29,30]. Although, electrostatic 
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powder charging and process instabilities may arise. Pre-heating averts loose powder particles 
charging and dispersion by vapor pressure from boiling (due to high energy density). It also 
gets rid of residual stresses by annealing, thus, increasing geometric freedom [1,31,32]. The 
wide range of electron beam spectrum power can fully melt high melting point metals (like Ti 
and super alloys), for higher material coupling efficiency. However, heat transfer is crucial in 
the EBM process since the high-intensity, localized, moving heat source and the rapid self-
cooling of a part being built, can affect the process efficiency and can result in the part’s 
deficiency. Moreover, it is suited for only conductive materials [13,22,27,33-35]. 

 
Figure 6. EBM heating & melting process, photograph (top) & beam movement schematic 
(bottom); (a) Preheating by scanning total build area via defocused quasi-multi-beam, (b) 
Melting by hatching and (c) Quasi-multi-beam contour melting by point-to-point jump [27]. 

Rapid and repeated wide thermal gradients combined with the varying processing parameters 
endured by EBM Ti-6Al-4V parts, alter their microstructures and can consequently affect the 
mechanical or tribological behaviour [8,36–38]. Heat dissipation and part-height also count. 
The microstructure of a thick part can differ from that of a thin part and the microstructure of 
a short part can differ from that of a tall part (even with all other things been equal in the build 
process and parameters). 

2.5 EBM built Ti-6Al-4V 
2.5.1 Microstructure 

Ti-6Al-4V microstructure exhibit V-rich β-bcc, Al-rich α-hcp, secondary αI/αII, intermetallic 
phases and equiaxed, columnar, colony, basketweave, bimodal or lamellar grain morphology. 
EBM Ti-6Al-4V grains are columnar in longitudinal section and equiaxed in the transverse, 
delineated by grain boundary β-phase. The columnar grains contain a transformed α-β colony 
and basketweave (“Widmanstätten”) morphology microstructure [39], as shown in Figure 7. 
The columnar grains are elongated in the build (z) direction (Figure 7a) and are connected to 
epitaxial grain growth on solidification and the thermal gradients that exist in this direction 
[40,41]. Grain growth in the build direction is controlled by what happens on the melt pool. 
Grains grow normal to melt pool surface by the effects of adding many layers and orthogonal 
rastering. If orthogonal rastering is not used in the AM process, the columnar grains tilt over 
[34]. Al Bermani et al., verified transformed α+β basketweave and colony microstructure 
morphology in the columnar grains of mean α-platelet thickness 1.4 to 2.1 µm [42,43]. 
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(a)  (b)  
Figure 7. Shows EBM as-built Ti-6Al-4V micrographs (a) Longitudinal, (b)Transverse [26]. 

Finer α-platelet due to EBM intrinsic rapid cooling rate and small melt pool is said to give 
better properties. As-cast Ti-6Al-4V, exhibits equiaxed α-β-phase or coarse plate-like 
(acicular) α, Figure 8 (i). 

 
Figure 8. Ti-6Al-4V microstructure direction (a) and (b) Wrought [44], (c) and (d) As-built 
EBM (of a sample investigated in this study). 

Inherent directional inhomogeneities exist in the conventional wrought, with α-and β-grains 
oriented in the roll direction as seen in Figure 8 (a) and (b). As-built EBM counterpart have 
columnar grains oriented in build direction as seen in Figure 8 (c) and (d). Hot isostatic pressing 
(HIP) heat treatment, further homogenizes the microstructure for more consistent tensile 
properties [45]. Facchini et al.’s X-ray diffraction (XRD) analysis, show hcp α-phase as main 
constituent with ~7% β-phase [46]. So, tuning α-platelets’ thickness tailor mechanical 
properties [42,47–49]. Microstructure dependence on thickness [34], spherical porosity volume 
fraction decrease with beam speed [50], melt strategy effect on EBM Ti-6Al-4V density or 
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surface roughness, and effects of melt scan speed and beam current on homogeneity have been 
established [51]. 

2.5.2 Tribological properties 

Ti and Ti-alloys exhibit high adhesion tendency, susceptibility to seizure and galling. Resulting 
in high wear rates and unstable friction coefficient [52,53]. Sliding Ti-alloys on other alloys, 
ceramics or polymers cause high material transfer. Due to low work hardening, brittleness, low 
resistance to plastic shearing or the low sliding resistance of their inherent surface oxides (but 
Ag–10Cu alloy and Babbitt metal, grade-2, show no galling on Ti–4Al–4Mn alloy) [54–58]. 
As-built EBM Ti-6Al-4V inherent high surface roughness tends to increase friction and wear.   

2.5.3 Surface roughness  

The high heat rates and parameters like powder size, layer thickness, beam strength and stair-
stepping effect (i.e. building layers in a stair formation to fully support every layer) result in 
surface roughness. While expected to decrease with increasing inclination angles, the effect 
increases with layer thicknesses [59,60]. In addition, high beam current and slow scan speed 
generates larger melt pool and more surface roughness. Part built by EBM/SLM powder bed 
fusion has no gap between the built part and un-molten powder. Preheating the entire EBM 
build chamber, preheats and sinters the adjacent powder to the part’s surface. Hence, powder 
diameter affects the surface roughness. Rough surfaces, internal cracks, porosity and other 
defects are stress raisers for crack initiation, which may adversely affect tribological and 
mechanical properties [61,62]. Using different melt parameters in the outer contours from the 
inner core or bulk (e.g. lower beam current and scan speed), can control the as-built surface 
roughness and the properties. Properties of the as-built EBM Ti-6Al-4V can also be improved 
by modifying the part’s surface. Post heat treatments like HIP is often used to modify the 
surfaces of EBM built Ti-6Al-4V parts. 

2.5.4 Mechanical properties 

Desired properties are often attained by varying EBM process cooling rates. Cooling rates alter 
the microstructure by tuning the grain size, α-platelet and β-rod sizes, which determine the 
part’s final mechanical properties. Slight temperature rise in building chamber can drop tensile 
strength drastically. Hall-Petch related yield strength and hardness to grain size by:  

𝜎𝜎𝑦𝑦 = 𝜎𝜎0 + 𝐾𝐾/√𝐷𝐷          (Eq. 2.1) 

where,  
𝜎𝜎0 = single crystal yield strength,  
K = material constant and  
D = average grain diameter.  

Ti-6Al-4V grain sizes alter the mechanical properties. The σy decreases with increase in grain 
size. Fine grains halt crack nucleation, increase strength, ductility and super-plasticity. Coarse 
grains resist creep and fatigue crack growth. Equiaxed grains have high fatigue strength, 
ductility and super-plasticity. Lamellar microstructures have superior creep resistance, fatigue 
crack growth and high fracture toughness. While Bi-modal microstructures mix lamellar and 
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equiaxed benefits [12]. E.g., EBM part’s tensile strength is related to the size and quantity of 
α-platelets or β-rods. Coarser α-lath reduce the tensile strength as illustrated in Table 4 [12].  

Table 4. Influence of microstructure on selected properties of Ti-alloys [12]. 

The σy is also affected by dislocation density, inclusions, pores and parts’ surface condition. 
AM parts’ pores are either elongated or spherical. Elongated pore is due to wrongly built or 
melted layer, while spherical pore can form by gaseous argon in the raw powder. Pores affect 
mechanical properties differently depending on build direction. The σy and tensile strength (σT) 
of parts strained perpendicular to their layer orientation can be decreased by pores between 
layers. The effect is less if part is strained parallel to layer orientation, as there will be fewer 
layers and so, less pores. Corrective investigations on the effects of as-built surface conditions 
of Ti-6Al-4V alloy, reveal that modifying the surface of as-built part improves tensile property. 
Heat treatment alters the microstructure and mechanical property [43,61,62]. 

Property  Grain size Grain structure 
Fine Coarse Lamellar  Equiaxed  

Elastic modulus neutral neutral neutral positive / 
negative 
(texture) 

Strength  positive negative negative positive 
Ductility positive negative negative positive 
Fracture toughness negative positive positive negative 
Fatigue crack initiation / 
propagation 

positive / 
negative 

negative / 
positive 

negative / 
positive 

positive / 
negative 
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3. Experimental 
This section describes the samples investigated in this work and the experimental methods used 
to obtain the various results.  

3.1 Materials  
The studied EBM Ti-6Al-4V thin plates were obtained in the “as-built” condition from the 
Norwegian University of Science and Technology, Trondheim. The plates were built using 
precursor feedstock pre-alloyed Ti-6Al-4V powder of mean powder particle diameter 65 µm, 
supplied by ARCAM, Sweden. The chemical composition of the powder is shown in Table 5. 
The plate was built by the ARCAM EBM A2X machine with parameters shown in Table 6.  

Table 5. The chemical (wt. %) composition of the powder used to build the EBM plates. 

Element  Ti  N C H Fe O Al V 
Powder (wt. %) Balance < 0.01 < 0.03 < 0.003 < 0.1 <0.15 6 4 

Table 6. Built parameters of the thin EBM Ti-6Al-4V plates. 

EBM Built parameter 
Chamber vacuum 10−4 - 10−5 (mbar) 
Acceleration Voltage 60 kV 
Bed preheat temperature 973 K 
Powder layer thickness 50 µm 
Scan speed 0.5 m/s 
Size of the plates 20 x 2 x 40 (mm3) 

A core-shell scan strategy (with 0.5 mm contour) and melting sequence varying between 0° 
and 90° (orthogonal rastering) between layers were used (i.e. a new layer is added at 90° to the 
previous one so an exact layer position is repeated after every four layers (360°). The core-
shell scan strategy and melt sequence that were used to build the plate are to reduce the texture 
in the plates. The as-built plate, reference axis and dimensions are shown in Figure 9. 

(a)  (b)  (c)  
Figure 9. (a) The as-built EBM Ti-6Al-4V thin plate (b) Reference axis and (c) Dimensions. 

Each layer was built in X-Y plane and the plate was built layer by layer in Z direction as shown 
in Figure 9a, and 9b. The sample dimensions are 20x2x40 mm3 as shown in Figure 9c. 
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3.2 Methods  
3.2.1 Surface characterization 

The surface roughness of the EBM Ti-6Al-4V as-built sample is characterized by 3-D optical 
profilometry by means of WYKO NT9100 optical profilometer. The Vision 4.10 software of 
the profilometer generates information including surface images and roughness parameters. 
Automatically generated images, surface roughness and scratch track parameters from several 
areas are analysed to understand the surface topography/behaviour of the studied sample. The 
surface roughness parameters obtained from representative surface of the as-built sample are:  

- Mean Roughness, Sa; which is defined as the arithmetical average deviation of all 
surface height values from the profile centre line (also called “the centre line average”),  

- Root Mean Square Roughness, Sq; which is defined as root-mean-square deviation of 
all surface height values from the profile centre line, and 

- Average Maximum Height, Sz; which is defined as the average of the ten-point 
maximum height over the complete 3D surface. 

3.2.2 Metallographic samples preparation 

The EBM as-built plates are prepared for microstructural and mechanical observations and 
characterization. Metallographic samples are prepared by standard procedures of sectioning, 
mounting, grinding down to 1200 grit size silicon carbide (SiC) paper and then polishing with 
3 µm and 1 µm diamond suspension. Samples to be observed in a Light Optical Microscope 
(LOM) and Scanning Electron Microscope (SEM) are additionally polished using OP-S silica 
suspension solution and then etched with Kroll's reagent by swabbing for about 20 seconds. 

3.2.3 Microstructural characterization 

The polished and etched surfaces of the as-built samples were observed using Leica DMRME 
light optical microscope, to obtain the microstructures in the longitudinal XZ-plane (i.e. side 
surface) and the transverse XY-plane (i.e. cross-section surface) of the built plates. A high-
resolution scanning electron microscope (Zeiss Ultra 55), equipped with energy dispersive 
spectroscopy (EDS), is used to further study the microstructure of the as-built plate samples.  

3.2.4 Scratch tests  

Scratch tests were carried out using CSM Revetest© Macro Scratch testing instrument. The 
scratch test involves a force-controlled scratching with a stylus on the sample using either a 
constant or a progressive load (Figure 10). The depth and width of the scratch track formed 
during the scratch testing, the normal force, tangential force, acoustic emission, friction 
coefficient and the critical normal load can be obtained from the instrument (Figure 10b).  

In order to determine the scratch resistance of the investigated EBM Ti-6Al-4V polished 
surfaces against a single scratch tip, scratch tests are performed in different directions with a 
Rockwell C diamond stylus of 200 µm radius. with Constant normal loads of 1 N, 5 N, 20 N,  
and progressive normal load of 1-5 N were applied to make 10 mm and 5 mm long scratches, 
respectively on longitudinal X-Z plane polished surface. The scratch testing was carried out at 
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a scratch speed of 10 mm/min across and along the build direction on the longitudinal X-Z 
plane as illustrated in Figure 11a. 

(a)  (b)  
Figure 10. CSM Revetest© Macro Scratch testing instrument showing (a) A stylus on a 
sample and (b) A schematic of the scratch testing. 

Similarly, corresponding 5 mm long scratches with 1, 5, and 20 N constant loads are made 
along the embedded cross-sections on X-Y plane and also 1-5 N progressive load on another 
embedded cross-section (Figure 11b).  

After the scratch testing, all the scratch tracks are analysed with the optical profilometer. The 
scratch widths are obtained by analysing the scratches with the help of the Vision software. 
The scratch hardness is then calculated using the as-measured scratch widths.  

(a)  (b)  
Figure 11. Scratch testing patterns on (a) Longitudinal X-Z plane, (b) Transverse X-Y plane. 

3.2.5 Microhardness tests 

The as-built EBM Ti-6Al-4V sample microhardness is obtained using the CSM micro-combi 
testing machine. Nine different indentations are made on the X-Z plane longitudinal polished 
surface as shown in Figure 12a. Nine indentations are made across and along the X-Y plane 
transverse section as shown in Figure 12b. The microhardness testing was performed using 100 
gram-force with 15 seconds dwell time by keeping the recommended distance between the 
indents. The Micro-combi testing machine’s software records the load and the penetration 
depth.  

(a)  (b)  
Figure 12. Microindentation patterns on (a) longitudinal X-Z and (b) transverse X-Y planes. 
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3.2.6 Micro-tensile tests 

Conventional tensile test sample preparation is not feasible due to the small size of the as-built 
plates. However, small sized micro-tensile test samples can be a solution for performing the 
tensile test in order to obtain the mechanical properties of the as-built thin EBM plates.  

(a)  (b)  
Figure 13. Micro-tensile sample prepared from as-built plate, and (b) The drawing of the 
microtensile sample. 

The microtensile samples are prepared from the rectangular EBM as-built thin plates by 
computer numeric control (CNC) machining and drilling. Figure 13a, shows a microtensile 
sample prepared from as-built plate and Figure 13b, shows the drawing of the microtensile 
sample, where all dimensions are in millimetres. The microtensile samples were also grinded 
and polished according to the standard metallographic sample preparation in order to perform 
microstructural investigation during the microtensile testing inside the SEM. 

The micro-tensile samples are tested using a Deben microtensile stage MT5000, with 5 kN 
loadcell under constant strain rate of 3×10-4 /s. The tensile testing was done inside the SEM in 
order to examine the microstructural changes in the EBM plates during the test. The Deben 
microtensile software records the load and extension during the tensile test. The cross-section 
area and the gauge length of the sample are used to calculate and plot the engineering stress 
and strain diagrams.  



16 

 

4. Results and discussions  
4.1 Surface topography 
The poor surface characteristics of EBM parts is evident in as-built samples. The longitudinal 
section (X-Z plane) surface shows roughness. Understanding the as-built surface topography 
such as the average maximum height of the surface asperities (Sz) provides useful information 
for the finishing operations after the EBM process. It is also helpful in grinding and polishing 
the micro-tensile sample surface, for microstructural observation during testing. Figure 14a 
shows a surface profile (roughness parameters and topography image) of the X-Z longitudinal 
section from the optical profilometer. The mean surface roughness Sa, of the measured area is 
~28 µm, root mean square surface roughness (Sq), is ~35 µm, and average maximum height 
from peaks to valleys (Sz), is ~198 µm. The surface roughness is influenced by the EBM process 
parameters and the powder properties [59,60-62]. In Figure 14b, the micrograph of an edge of 
the embedded transverse section in X-Y plane (as measured by the LOM), shows that ~200 µm 
should be removed by grinding and polishing in order to obtain a flat mirror finish surface with 
minimal defects. This is verified by the measured Sz value in the surface roughness parameters. 
These surface roughness values are consistent with the values obtained from the previous works 
by Gil Mur and Gaytan et al [63,64].  

(a)   (b)  
Figure 14. The studied plate’s (a) X-Z surface profile (b) OM of polished transverse section. 

4.2 Microstructural characterization 
The microstructure of the as-built EBM Ti-6Al-4V sample is characterized using the optical 
and the scanning electron microscope, on the polished and etched surfaces in X-Z and X-Y 
planes. The microstructure observed in the longitudinal section clearly differs from that in the 
transverse section of thin EBM sample in the LOM, as seen in Figure 15. The microstructure 
in the longitudinal section exhibit wavy columnar grains elongated in the build direction. The 
columnar grains range from 40 µm to 120 µm wide. This is comparable to Y. Kok et al.’s 
observed elongated grains of 10 µm to 100 µm [8], (just slightly wider). The sample exhibits 
equiaxed grains on the transverse section as seen in Figure 15b. Both the longitudinal section 
and transverse section microstructures comprised of a transformed α+β basketweave and 
colony microstructure morphologies within (inside) the columnar grains.    
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Figure 15. Optical micrographs of the as-built polished Ti-6Al-4V EBM samples, (a) 
longitudinal section and (b) transverse section. 

One of the as-built plate was sectioned, carefully grinded and polished to observe the surface 
topography as well as the surface imperfections. Figure 16a shows the full transverse section 
of the as built sample with apparently no pores in the sample. However, spherical pores can be 
observed on the edge of the sample in higher magnification, as seen in Figure 16b, c and d 

(a)  

(b)  (c)  (d)  

Figure 16 (a) The entire transverse (X-Y) section of the plate; (b), (c) and (d) An area near 
the edge of transverse (X-Y) section showing a pore. 

The pores are 10 µm to 20 µm in size and can be attributed to either the inherent argon gas 
trapped in the gas atomized titanium alloy powder or any gas trapped in the powder bed during 
the EBM process [62]. It is necessary to obtain a defect free surface after grinding and 
polishing, since such defects can affect the mechanical properties from the micro-tensile 
testing. The optical micrograph of the transverse section reveals the equiaxed grains in this 
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section. The equiaxed mean grain diameter is obtained from the optical micrograph using the 
line intercept method. 

4.2.1 Grain size variation in the transverse section and measurement 

It was observed that the micrographs in transverse section shows variation in grain size from 
the edge to the core region. The grain size is a vital parameter, which affects the mechanical 
properties. Therefore, it is important to understand the grain size variation on the transverse 
section. The stitched optical micrograph image in Figure 17 reveals that the grains near both 
edges are smaller in size (marked as yellow boundaries for two grains), than the grains in the 
core region (marked as red boundaries for two grains). 

 
Figure 17. Stitched optical micrographs of a polished transverse section of the EBM plate. 

The variation in the microstructures can be connected to the cooling rate (i.e. heat transfer). 
After the layer fusing process, the sample cooled by conduction and convection. The cooling 
rate is lower in the inner core region than the outer region. The reasons for this are because the 
heat has to travel longer distance through the plate from the inner core than from the outer 
regions. Secondly, heat transfer by convection between the surface and vacuum environment 
raises the outer region cooling rate, resulting in finer grains and more lamellar structure [12]. 
Table 7 shows the mean grain size measured across the sample as shown in Figure 18.  

 
Figure 18. Line intercept measurement of mean grain diameter across transverse section. 
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Table 7. The mean grain size d, for every 200 µm across investigated sample thickness. 

Distance from the edge [µm] Mean grain diameter, d [µm] 
100 85 
300 97 
500 102 
700 122 
900 150 

1100 142 
1300 139 
1500 130 
1700 102 
1900 88 

The grain size variation across the thickness of the transverse section from the calculated mean 
grain size is plotted and shown in the Figure 19.  

 
Figure 19. Grain size variation with thickness in the transverse section of as-built sample. 

The grain size results reveal that the mean grain size of the investigated sample varied from 85 
µm to 150 µm across the sample thickness. The mean grain size in the inner core region of the 
thin section is 150 µm and the mean grain size at the edges is about 85 µm. The average grain 
diameter in the transverse section is calculated as 115 µm. 

4.2.2 Phase identification and chemical composition 

The SEM micrographs in Figure 20a and b are different magnifications of the studied sample, 
with an overview of the chemical analysis obtained by EDX for a selected area and spots in 
Figure 20c respectively. The microstructural investigation using SEM combined with EDX 
was done to discern the phases present in the plates, their composition and distribution. The 
SEM images of the transverse section in Figure 20c, show that the microstructure primarily 
consists of large amount of grey area and some amount of lamellar type bright area. The EDS 
analysis of the whole area gave a chemical composition within the ASTM F2924 AM powder 
specification (inserted tables in Figure 20c). The EDX analysis on the grey areas (spectrums 3 
and 4 in Figure 20c) reveal that they are rich in Al, which is the α stabilizer. 
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(a)  (b)  

(c)  

Figure 20. The identified phases in the investigated sample and their chemical compositions. 

It was observed that the β-phase (bright areas; spectrums 1 and 2) are rich in V, which is the β-
stabilizer but depleted of Al. This suggests the grey areas to be α-phase and the bright areas to 
be β-phase. In the EBM-built Ti-6Al-4V part microstructural evolution, as the electron beam 
scans, the melt pool solidifies into β-grains. The β-grains then undergo cooling and transform 
into α′-martensite phase. Deposition of additional layers cause, near-isothermal annealing 
process at the building temperature of ~650°C, which aids the α' decomposition into α+β 
(colony/ basket-weave), β-rods or α-platelets. It has been reported that α' martensite must form 
during the EBM process, yet it is debatable if all the α' martensite fully decompose in the EBM 
Ti-6Al-4V part. It is known that the martensite formed by rapid cooling cannot fully decompose 
to α or β-phases if the isothermal annealing temperature is < 650°C and mesh-like thin-section 
EBM Ti-6Al-4V parts with retained α′ are observed [42,43,63]. The completed part is 
subsequently cooled slowly. 

4.3 Scratch testing 
The scratch testing was performed on the polished surfaces in the longitudinal X-Z plane and 
transverse X-Y plane to understand the influence of microstructure on scratch resistance. The 
constant normal loads of 1N, 5N and 20 N were selected for scratch testing. Figure 21a shows 
the sample orientation and the scratch testing track directions. Figure 21b shows the images 
obtained from 3-D interactive optical profiles of the respective scratches performed with 1 N. 
The optical profile was taken on a small representative area of the scratch and the dimension 
of the scanned area was 311 µm wide by 233 µm long. The top and middle images are on the 
X-Z longitudinal plane. The top image is in X direction (represented as Longitudinal-X) and 
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the middle image is in Z direction (represented as Longitudinal-Z). The bottom images are on 
X-Y transverse plane (represented as Transverse-X). The colours on the images represents the 
heights and depths as indicated on the rainbow coloured scales, which are given beside each 
column of three images. Figure 21c and 21d, shows the optical profile images of the scratches 
of 5 N and 20 N, respectively. The scratch width and depth increased with normal load in a 
direction or section as expected.  

(a)  
Samples/ 

scratch track 

(b)  
Normal load  

1 N  

(c)  
Normal load 

5 N  

(d)  
Normal load  

20 N  
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Figure 21. (a) Schematic diagrams of the scratch tracks with sample orientation, normal 
load and length of the scratch tracks, (b), (c) and (d) 3-D scratch profiles of the scratch 
tracks made on each sample for 1 N, 5 N and 20 N normal loads respectively. 

The scratch tracks of 1 N load are mostly of plastic deformation in all cases. While, 5 N and 
20 N, show marked increase in material removal by ploughing. Suggesting that the critical 
normal load for material removal lies between 1 N and 5 N. It is further observed that there are 
variations in the scratch tracks in different section and scratch direction even with the same 
load. The optical profilometer images show that longitudinal-X profiles have lower scratch 
depth than others. Prompting further analysis to quantify and compare the variation by plotting 
the scratch width versus depth curves of the scratch as shown in Figure 22.  

Longitudinal-X 

(a)  

Longitudinal-Z 

(b)  

Transverse-X 

(c)  
Figure. 22 Scratch depth curves for the scratches made on (a) longitudinal-X , (b) longitudinal-
Z and (c) transverse-X sections of the investigated sample. 
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Figure 22a and 22b, show the scratch depths plotted from the scratches made in the X and Z 
directions of the longitudinal section. The scratch depth is lower in longitudinal-X direction 
than longitudinal-Z direction for all normal loads. The scratch depth in transverse-X section is 
in between longitudinal-X and longitudinal-Z direction scratches, made with 20 N normal loads 
(see Figure 22c). Furthermore, the scratch depths are then plotted based on normal loads as 
shown in Figure 23. From Figure 23a, it can be observed that the 1 N load scratch in transverse-
X section is ~50% deeper than both longitudinal-X and longitudinal-Z section scratches (0.19 
µm, 0.1 µm and 0.09 µm) respectively. Figure 23b shows that the scratch depth in transverse-
X direction is ~50% deeper than longitudinal-Z scratch, but ~70% deeper than the scratch on 
longitudinal-X section (1.4 µm, 0.7 µm and 0.4 µm) respectively. However, at higher normal 
load 20 N, the scratch depth on longitudinal-Z section becomes ~22% deeper than the scratch 
depth in transverse-X section and ~45% deeper than that in longitudinal-X section (3.6 µm, 2.8 
µm and 2 µm) respectively (Figure 23c). 

1 N 

(a)  

5 N  

(b)  

20 N 

(c)  
Figure 23. Comparison of scratch tracks along longitudinal-X, longitudinal-Z) and transverse-
X sections at constant normal loads of (a) 1 N, (b) 5 N and (c) 20 N. 

The scratch depth results given in Figures 22 and 23, are taken at a point in the scratch. This 
may not give an overall depth analysis, as a scratch depth varies along its length. The average 
scratch depth values from different points in the scratch is more reliable. The mean scratch 
depths and widths from six different points of the representative scratches on longitudinal-X, 
longitudinal-Z and transverse-X sections are calculated and presented in Table 8.  

Table 8. Mean scratch widths and depths (µm). 

Load Longitudinal-X Longitudinal-Z Transverse-X 
[N] Scratch  

width, µm 
Scratch  

depth, µm 
Scratch  

width, µm 
Scratch  

depth, µm 
Scratch  

width, µm 
Scratch  

depth, µm 
1 N 29 0.1 24 0.09 33 0.19 
5 N 50 0.35 61 0.70 62  1.4 

20 N 110 1.9 110  3.5 95  2.7 

Table 8 results correlate to the scratch depth in Figures 22 and 23. The scratch widths and 
depths are larger in transverse-X section for 1 N and 5 N than longitudinal sections (X and Z 
directions). However, for 20 N, the longitudinal-Z direction scratch shows larger scratch depth 
and width than the scratches in longitudinal-X direction and transverse-X section. 

4.3.1 Scratch hardness 

Scratch hardness of the studied plate can be calculated from the as-measured scratch widths. 
The contact area of the static Rockwell C stylus tip on the plate is circular, but during the 
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scratching motion, the true contact area is the front half-circle. The half-circle wears and 
removes material from the tested sample. So, the diameter corresponds to the scratch width. 
The scratch hardness is defined as the normal load applied to make the scratch, divided by the 
true contact area of the stylus tip during the scratching. Mathematically, the scratch hardness,  

HS = LN / (A/2)          (Eq. 4.1) 
HS = LN / {(π𝐷𝐷2/4)/2}         (Eq. 4.2) 
HS = 8LN / πw2          (Eq. 4.3) 

where,  
HS = scratch hardness (MPa),  
LN = normal load (N), 
A = true contact area (mm2),  
w = scratch width (i.e. D) (mm), 
D = diameter of semi-circle (mm) and  
π = is a constant. 

The scratch hardness values calculated using the equation 4.3 are presented in Table 9.  

Table 9. Calculated scratch hardness [MPa (N/mm2)]. 

Load Longitudinal-X Longitudinal-Z Transverse-X 
1 N  3.0 x 10-3 4.4 x 10-3 2.3 x 10-3 
5 N  5.1 x 10-3 3.4 x 10-3 3.3 x 10-3 
20 N  4.2 x 10-3 4.2 x 10-3 5.6 x 10-3 

Between both sections, the as-measured scratch widths and calculated scratch hardness vary 
with a normal load. With distinct variation in the longitudinal-X and longitudinal-Z sections. 
Higher scratch hardness in the longitudinal-X scratch than in the longitudinal-Z can be due to 
scratching across elongated grain boundaries, which are perpendicular to this direction. The 
apparent lower scratch hardness on the transverse-X section than longitudinal-Z scratch at 1 N 
and 5 N loads is because the scratches on transverse-X section are made in the inner core region 
with larger grains, which again highlights the effect of grain size. At much higher load (20 N), 
the scratch hardness for transverse-X scratch (even in the core larger grains region), rises higher 
than longitudinal-Z scratch. Due to the interaction with increased equiaxed grain boundaries. 
The scratch hardness has increased with the normal load in longitudinal-X and transverse-X 
scratches by factors greater than the increase in longitudinal-Z scratch. This can be due to the 
increased interactions with more columnar and equiaxed grains respectively. 

4.3.2 Mean friction coefficient (µ) 

The friction coefficient (µ) versus scratch distance are plotted to study friction characteristics 
of the sample during a single tip scratch with the diamond stylus. The plotted curves within 
each section and direction with 1 N, 5 N and 20 N normal loads are shown in Figure 24. The 
friction coefficient curves of each section and direction are shown in Figure 25. The friction in 
this case, comprises of adhesive (µadhesive) and ploughing (µploughing) components. Therefore, the 
total friction µ, is given by the equation: 

µ = µadhesive + µploughing          (Eq. 4.4)  
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Longitudinal-X 

(a)  

Longitudinal-Y 

(b)  

Transverse-X 

(c)  
Figure 24. Plotted curves within each section and direction with 1 N, 5 N and 20 N normal 
loads (a) longitudinal-X, (b) longitudinal-Z and (c) transverse-X sections. 

From the curves, low µ observed for the 1 N load in both sections and directions. This is due 
to the fact that for the 1 N load, the µploughing component is very low (close to zero). Secondly, 
the µadhesive component is also low due to the presence an oxide film. This oxide film, which 
has a low shear strength, acts as a solid lubricant. For the 5 N scratches, the µ rise sharply to 
~0.38. The reason for this is that the oxide film, which initially kept the µ low is removed by 
the high load. Secondly, the high load results in deep ploughing, which increase the µploughing 
component. Thus, the removal of the oxide film and deep ploughing cause debris formation, 
some minor impact of three-body abrasion and sudden increase in µ (up to four times that for 
the 1 N load). 

(a)  (b)  (c)  

Figure 25. Friction coefficients curves of longitudinal-X, longitudinal-Z and transverse-X 
scratches for (a) 1N, (b) 5 N, and (c) 20 N respectively. 

Among longitudinal-X and transverse-X scratches at 1 N, the transverse-X scratch shows 
higher µ followed by longitudinal-Z scratch. This can be attributed to crossing the equiaxed 
grain boundaries and the fused layer junctions respectively. With further load of 20 N, µ is 
relatively steady and approximately equal to the µ for 5 N load scratches. The quantified mean 
µ values are tabulated in Table 10. In a previous work on EBM Ti6Al4V (bulk or macro-
samples), a friction coefficient of 0.5 was obtained [65]. This value, is greater than the results 
obtained from this work. The reasons for this can be connected to the fact that the thin micro-
samples studied in this work have finer grain size. Another likely reason for this is that the 
tribological systems may also have been slightly different for both case studies.  

Table 10. Mean friction coefficients. 

Load (N) µ (Longitudinal-X) µ (Longitudinal-Z) µ (Transverse-X) 
1 N 0.05 0.07 0.08 
5 N 0.38 0.38 0.36 

20 N 0.36 0.37 0.37 
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4.3.3 Critical normal load for material removal (wear) initiation 

The friction coefficient results presented in Table 9, shows an initial mild sliding with plastic 
deformation, which subsequently becomes severe upon material removal. The friction curves 
hint that the critical loads for material removal initiation, lie between 1 N and 5 N. In order to 
determine the critical normal load for material removal, the plate was scratched by applying a 
progressive load from 1 N to 5 N. The friction coefficient µ, versus normal load curves from 
the progressive load scratching are shown in Figure 26. The critical load has also varied from 
~2.5 N on longitudinal-X, ~3.5 N on longitudinal-Z, to ~4.0 N on the transverse-X scratches. 
This variance can be attributed to grains (sizes or morphologies), as well as the build direction 
and the micro heat-affected zones (µHAZs) between the build layers. 

(a)  (b)   

(c)  (d)  
Figure 26. Plot of friction coefficient µ, versus normal load (a) Longitudinal-X, (b) 
Longitudinal-Z, (c) Transverse-X, (d)Plots (a), (b) and (c) merged for comparison. 

4.4 Microhardness 
4.4.1 Micro-indentation 

Microindentation or depth sensing indentation testing is used to understand the variation in the 
microhardness of the material. A typical microindentation loading and unloading curve of an 
indentation on EBM Ti-6Al-4V sample is shown in Figure 27a. Figure 27b, is a schematic 
representation of the indenter-sample contact. The curve shows the penetration depth and 
normal force during the indentation loading. The slope of the unload curve is used to calculate 
the elastic modulus using equations often by the Doerner-Nix [66] or Oliver-Pharr [67] unload 
curve analysis techniques. 
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According to the Doerner-Nix and the Oliver-Pharr analysis methods [66,67], the elastic 
modulus of the sample can be calculated by:  

𝐸𝐸 = (𝟏𝟏−𝝑𝝑𝒔𝒔𝟐𝟐)

𝟐𝟐∙�𝑪𝑪𝟎𝟎∙𝒉𝒉𝒄𝒄
𝟐𝟐+𝑪𝑪𝟏𝟏∙𝒉𝒉𝒄𝒄
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−
�𝟏𝟏−𝒗𝒗𝒊𝒊

𝟐𝟐�
𝑬𝑬𝒊𝒊

       (Eq. 4.4) 

where,  
E is elastic modulus of the sample 
νs is poison’s ratio of the sample material 
Co and C1 account for the tip rounding and  
hc, the indentation contact depth 
α and m are constants 
hmax is the total indenter penetration into the sample  
hp is the final residual indentation depth, and 
Ei and vi are for the indenter respectively 
 

(a)  (b)  
Figure 27. (a) EBM sample micro indentation curve with mean hardness & elastic modulus 
(b) Schematic representation of indenter-sample contact geometry during an indentation. 

While the Vickers indentation hardness, HVIT can be measured by  

𝐻𝐻𝐻𝐻𝐼𝐼𝐼𝐼 = 0.0945 ∙ 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
𝐴𝐴𝑝𝑝

         (Eq. 4.5) 

where,  
HVIT is the Vickers instrumented indentation hardness and 
Ap is the projected contact area (theoretical area according to Oliver and Pharr method) 
corresponding to the contact depth, hc  

Furthermore, standard measurement of Vickers Hardness HV [Kg/mm2] can be calculated by: 

𝐻𝐻𝐻𝐻 ≈ 1.8544 ∙ 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
𝐷𝐷2

        (Eq. 4.6) 
where,  

HV is the Vickers Hardness 
Pmax is the maximum load of 0.102 Kgf (1 N) in the present tests and  
D is the average of the diagonals of the indent 

Conventional Vickers hardness HV, Vickers instrumented indentation hardness HVIT and 
elastic modulus values E, were obtained from 10 indentations made on the longitudinal X-Z 
plane and on the transverse X-Y plane of the investigated sample. The mean values and the 
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standard deviation of HV, HVIT and E are shown in Table 11. Higher values are observed in the 
Vickers instrumented indentation hardness, compared to Vickers hardness. The variation in 
conventional Vickers hardness HV and Vickers instrumented indentation hardness HVIT is due 
to the area calculation. Indentation area calculation in conventional Vickers hardness HV is 
based on the mean diagonals of the indent and in Vickers instrumented indentation hardness 
HVIT, area calculation is based on theoretical calculation by Oliver-Pharr method where several 
parameters are considered for projected area calculation, such as: the indenter shape, the elastic 
part and the plastic part of the indentation. 

Table 11. Summary of the values obtained by Oliver-Pharr method. 

Section-Direction HV HVIT E [G Pa] 
Longitudinal 332 ± 10 389 ± 22 124 ± 3 
Transverse-X 380 ± 18 465 ± 52 137 ± 6 
Transverse-Y 372 ±28 401 ± 30 127 ± 7 

The higher hardness values of the transverse section compared to the longitudinal section can 
be attributed to the equiaxed grains on the transverse section, which offer increased grain 
boundaries interaction with the indenter tip. While higher hardness values in the transverse-X 
than transverse-Y direction can be related to the indenter interacting with more of finer grains 
(i.e., from both edges across the sample thickness) in transverse-X direction. Whereas the 
indenter will interact with more larger grains in the transverse-Y direction (see Figure 12b). 

Table 12. Comparison of scratch and indentation hardness of the studied sample. 

Hardness (Kg/mm2)  Longitudinal-X Longitudinal-Z Transverse-Y Transverse-X 
Scratch hardness 309 451 - 238 
Vickers hardness 332 332 372 380 
Instrumented HVIT 389 389 401 465 

Table 12 presents the obtained scratch hardness, conventional Vickers hardness HV, Vickers 
instrumented indentation hardness, HVIT values in different directions of EBM plates. From 
Table 12, it is observed that the scratch hardness is much higher than the Vickers hardness. 
This can be due to the influence of the thin, but much harder oxide layer. The scratch interacts 
more with this outermost surface whereas, the indentation hardness interactions go much 
deeper into the sub-surface of the thin section. The sharpness of the scratch tip may also affect 
the computed scratch hardness. It is also observed that the scratch hardness is much higher for 
the longitudinal-X and Z directions than for the transverse-X direction. This can most likely be 
connected to the grain morphologies and/or grain sizes. 

Table 13. EBM Ti-6Al-4V micro-hardness and grain size values across the sample thickness. 

The sample’s mechanical and tribological behaviour variances connect to grain morphology 
and grain size. The finer grains increase hardness as seen from the measured hardness across 

Points → Property↓ 1 2 3 4 5 6 7 8 9 10 
Grain size [µm] 85 97 102 122 150 142 139 130 102 88 

Hardness HV [transverse-Y] 381 374 369 358 346 367 379 382 398 394 
Distance from an edge [µm] 100 300 500 700 900 1100 1300 1500 1700 1900 



28 

 

the transverse-Y section) presented in Table 13, which are plotted in Figure 28. The curves 
show that hardness reduced with increased grain size in accordance with Hall-Petch equation. 

 
Figure 28. Grain size and micro hardness variations across the studied sample’s thickness. 

4.5 Micro-Tensile testing 
4.5.1 Microtensile testing and mechanical properties 

The in-situ microtensile testing was done on two polished samples. The thickness of the sample 
A is 0.67 mm and the thickness of the sample B is 0.5 mm. In order to observe the 
microstructure at different strain fields, the tests were interrupted at two different points. First, 
after the yield point and then at ultimate tensile strength (UTS). The Force-Elongation and 
corresponding stress-strain tensile curves for sample A are shown in Figure 29a and b 
respectively. The respective force-elongation and stress-strain tensile curves for sample B are 
shown in Figure 30a and b respectively. 

(a)  (b)  
Figure 29. Sample A, 0.67 mm thick (a) Force - Elongation (b) Stress - Strain curve. 
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(a)  (b)  
Figure 30. Sample B, 0.5 mm thick (a) Force - Elongation (b) Stress - Strain curve. 

Furthermore, the tensile properties obtained from the Stress-Strain diagrams are summarized 
in Table 14. 

Table 14. Measured tensile properties of the studied samples. 

Samples  YS [M Pa] UTS [M Pa] % El. 
A 900 950 23.5 
B 930 980 17.5 

The sample A shows higher percent of elongation, lower yield strength and UTS (ultimate 
tensile strength) as compared to the sample B. This small variation is mainly due to the 
variation of grain size and geometric conditions. It is assumed that the sample B has finer grain 
size which show higher strength and lower percentage of elongation. Beside the grain size, the 
amount of lamellar structure (which can vary between samples) can result to variations in 
strength and ductility as observed in the preceding results. The YS and UTS values obtained 
from this study are quite less than that obtained by Murr et al. [24], just less than that obtained 
by Zhai et al. [24], but just more than that obtained by Rafi et al. [24] and Tan et al. [24]. The 
% El of the studied micro-sample is more than all the values obtained from the selected 
previous studies, (except one), as summarized in Table 15 below. 

Table 15. EBM Ti-6Al-4V micro-tensile properties from this study and previous studies [24]. 

Work Microstructure YS [M Pa] UTS [M Pa]  % El.  
Present study 

(micro-
tensile) 

Retained β-rods in continuous α, with β 
on grain boundaries & varied grain size.  

900 a 
930 a 

950 a 
980 a 

23.5 
17.5 

Murr et al.  Coarse α-plates - 
Fine & coarse α-plates - 

1115 a 
1110 a 

1120 a 
1115 a 

25 a  

16 a 
Rafi et al.  Lamellar α with β on grain boundaries. 869 a 

899 b 
928 a 
978 b 

9.9 a 
9.5 b 

Tan et al. Retained β-rods in continuous α. 823.4 c 
851.8 d 

940.5 c 
964.5 d 

13.2 c 
16.3 d 

Zhai et al. Fine α+β lamellar. 1001a 1073 a 11a 
a; Build direction, b; Orthogonal to build, c; Upper, and d; lower parts of graded structure.  
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4.5.2 YS and UTS Plastic strain fields 

Microstructures captured from the in-situ tests at unstrained, after YS, and at UTS fields of 
sample A and B are shown in Figure 31 and Figure 32 respectively. The initial microstructure 
of sample A, has finer retained β-rods (Figure 31a), which are more closely packed and 
therefore of higher quantity or vol % than sample B (Figure 32a). The higher ductility (i.e. % 
El.) previously exhibited by the same sample can be attributed to the presence of higher 
amounts of finer retained β-rods. On the other hand, the presence of thicker and fewer retained 
β-rods and therefore less vol % of β, results in lesser ductility and increased strength exhibited 
by sample B. Generally, the bcc β-phase is synonymous with ductility or toughness while the 
hcp α-phase is associated with strength or brittleness. Hence, more plasticity is observed in the 
YS and UYS strain fields for sample A than sample B.  

 

(a)  

 

 

(b)  

 

 

(c) 
Figure 31.SEM images of sample A, at (a) unstrained, (b) YS strain and (c) UTS strain fields. 

 

(a)  

 

 

(b)  

 

 

(c)  
Figure 32.SEM images of sample B, at (a) unstrained (b) YS strain and (c) UTS strain fields. 
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4.5.3 Fractography 

To characterize the fracture surface topography, the fractured pair of the in-situ micro-tensile 
sample A is presented in Figure 33.  

 
Figure 33. SEM image of the in-situ tested microtensile sample A after failure. 

From Figure 33, the fracture has a cup and cone appearance, depicting a typical ductile fracture.  

  
Figure 34. Fracture surface showing (a) rough fibrous topography with shear lip (top right), 
and (b) higher magnification revealing equiaxed dimples. 

 

  
Figure 35. Overload zone of the fracture surface showing short micro cracks, elongated 
dimples and all-round plasticity. 

At lower magnification, the fracture surface has a rough fibrous topography, and higher 
magnification, reveals shallow equiaxed dimples as seen in Figure 34a and Figure 34b. There 
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are also fairly smooth or flat areas on the fracture surface indicating the presence of some 
amount of brittleness in the sample. As earlier stated, the ductility is attributed to the bcc β-
phase, while the hcp α-phase is responsible for the brittleness, hardness, and strength. At the 
overload zone of the fracture surface, short intergranular cracking is observed as well as 
elongated dimples and all-round plasticity, as seen in Figure 35a and Figure 35b. 
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5 Conclusion  
From this study of the as-built EBM Ti-6Al-4V thin plates (micro-sample), the following have 
been identified: 

• The transverse section of the studied sample has fine outer regions and a coarse inner 
region of equiaxed grains. 

• The grain size variation which is caused by faster self-cooling of the outer regions, lead 
to local microhardness and micro-indentation elastic modulus variations. 

• The wear resistance, scratch hardness, friction coefficient (µ) and the critical load for 
material removal also vary within the thin plate (micro-sample). 

• The longitudinal-X direction exhibits the lowest friction coefficient (µ) at 1 N, and the 
lowest critical load for material removal (wear initiation). It however, has the highest 
scratch hardness compared with the longitudinal-Z direction and transverse-X section. 

• The Friction coefficient (µ) of the thin plate stabilize above the critical load at ~0.37. 
This is lower than the bulk counterpart’s value of ~0.5, obtained from previous work. 

• The mechanical properties of thin plate are comparable to their bulk counterparts, but 
often exhibit greater % of elongation. Due to the reduced chances of crack nucleation, 
since the thin plate has lesser probability of inherent defects than thicker bulk section.  

• The β-phase is found to give toughness whereas, the α-phase strengthens the material. 
This reasserts the results obtained from various studies of micro and bulk samples. 

• Fractography reveals ductile cup and cone fracture appearance with equiaxed dimples, 
which become elongated in overload zone before final fracture failure. 

• The fracture mechanism involves micro crack nucleation with high amount of plastic 
deformation (i.e., micro voids formation and coalescence, equiaxed dimples as well as 
elongated dimples in the tensile direction and final ductile overload fracture.  
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6 Future study 
• Low cycle cyclic & pin-on-disc tests to compute fatigue life and wear rate of thin EBM 

Ti-6Al-4V section are hardly studied. This will be an interesting area for future studies. 
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