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ABSTRACT: In an additive manufactured metallic part, distinct and different 
microstructure and mechanical properties may exist on different areas due to differences 
in shape and location. Two parts, one with straight-finned structure and one with curve-
finned structure, were fabricated by selective electron beam melting method using pre-
alloyed Ti-6Al-4V powder. Microstructural characterization of these two parts that have 
varying fin thickness and shape were carried out in order to investigate the synthetically 
influence of build geometry and in-fill hatching strategy on selective electron beam 
melting. It was found that the β-spacing is larger in the curve-finned structure, leading to 
a lower micro-hardness as compared to the straight-finned structure. It suggests a slower 
cooling rate in the curve-finned structure due to the differences in build geometry and in-
fill hatching strategy. 
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INTRODUCTION 

Additive manufacturing (AM) of metallic components are experiencing high growth rates 
(Wohlers 2015), due to its potential to fabricate components with better mechanical properties 
as compared to traditional manufacturing (Wang, Tan et al. 2016). Selective Electron Beam 
Melting (SEBM) is one such metallic AM technique. At present, SEBM has many 
applications in aerospace and biomedical industries (Gong, Anderson et al. 2014), while its 
applications in other industrial sectors are gaining interests. SEBM is a powder bed fusion 
AM technology that fabricates complex 3D parts layer by layer via the selective melting of 
powder layers using a high powered electron beam (Kok, Tan et al. 2015). The advantage of 
the SEBM process is the capability of processing reactive materials with a high affinity for 
oxygen such as Ti-6Al-4V, due to its high vacuum process condition. Ti-6Al-4V has a high 
specific-strength and good corrosion resistance. It is also the most studied metallic 
engineering material for AM (Lu, Qian et al. 2016) due to the high cost involved with low 
volume manufacturing of complex Ti-6Al-4V components using conventional manufacturing 
techniques (Frazier 2014). Despite the rapid development, the understanding of how the 
SEBM process affects the microstructure and mechanical properties of as-built Ti-6Al-4V 
components with complex geometries is still at its early stage. One least understood is the 
influence of the part geometry (i.e. shape). As with other powder-bed-based AM process, as-
build Ti-6Al-4V parts suffers from microstructure inhomogeneity spatially and geometrically 
due to the complex thermal history involved in the SEBM process (Tan, Kok et al. 2015, 
Wang, Tan et al. 2016). However it is worth noting that the mechanical properties of SEBM-
fabricated Ti-6Al-4V is found to be comparable to that of wrought form and superior to that of 
as-cast form despite the microstructure inhomogeneity (Gong, Anderson et al. 2014). This is 
due to the extremely fine α/β microstructures (e.g. colony and basket-weave morphology) 
found within each grain due to the rapid solidification of the molten pool in the SEBM process 
(Al-Bermani, Blackmore et al. 2010, Antonysamy, Meyer et al. 2013). 

Integrating metal AM technique into the manufacturing industry is of great interest nowadays 
and the requirement for consistent mechanical properties throughout a part with complex 
geometry may be an important potential issue (Antonysamy, Meyer et al. 2013). Wang et al 
recently performed a spatial and geometrical characterization of the microstructure and 
mechanical properties of a SEBM-built Ti-6Al-4V turbine component has shown that a finer 
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microstructure exists in the blade region as compared to the block region due to a higher 
cooling rate induced by a lower thermal input (Wang, Tan et al. 2016). A transition zone of 2-
3 mm is also reported by Wang et al due to the temperature gradient that exists between the 
blade and block regions. The Vickers micro-hardness from the block to the tip of the blade 
region increases from 345 HV to 360 HV. An earlier study by Tan et al on build thickness 
dependent microstructure of SEBM-built Ti-6Al-4V has shown that thick samples have a 
higher simulated temperature profile as compared to thin samples using FEM simulations 
(Tan, Kok et al. 2015). In this paper, we investigate the microstructural and mechanical 
variation of SEBM-built Ti-6Al-4V between two parts: one with straight-finned structure and 
one with curve-finned structure. It aims to show the synthetical influence of part geometry and 
in-fill hatching strategy on SEBM process. Lastly it is of significance to understand the 
geometrical-based microstructure and mechanical properties obtained from this investigation 
in order to aid the development of SEBM-built complex-geometry industrial parts with 
consistent properties. 

EXPERIMENTAL 

SEBM process 
The material used for this investigation is the extra low interstitial grade of Ti-6Al-4V powder 
(Grade 23) supplied by Arcam AB, Mölndal, Sweden. The powders are spherical in shape 
with a size distribution ranging from 45 to 106 μm as shown in Fig. 1. After each built job, the 
recycling of non-melted and/or sintered powder was achieved via the powder recovery system 
(PRS) and a vibrating sieve (mesh size ≤ 150 μm). All parts made in this study were 
fabricated using powder bed fusion AM system (A2XX, Arcam AB).The STL data were 
generated and prepared using commercial STL software: Magics, and were sliced using the 
Build Assembler software by Arcam AB. A schematic of the system is shown in Fig. 1. The 
build conditions are: Pre-heat stainless steel start plate to 600-650 oC, a controlled vacuum 
pressure of ~2e-3 mBar and build layer of 50 μm. High-purity helium was used to regulate the 
vacuum and to prevent powder charging due to the electron based process. 

Figure 1. (a) Schematic view of a SEBM system. (b) SEM micrograph of Ti-6Al-4V ELI 
Powder 

Preparation of specimens 
Fig. 2 shows the two parts. They are named the block part and the curve part respectively. The 
build height of these two parts is ~30 mm. Each part has fin structure with thickness of 1 mm, 
5 mm, 10 mm and 20 mm respectively. Fig. 2 shows a schematic of the build layout and the 
measurement points that are taken at the same height. The measurement points are located 
along the fin structure with position 1 at the intersection between the bulk (i.e. main body) and 
the fin structure, and position 4 being the furthest away from the bulk section. Due to their 
differences in build thickness, the time and the hatch length needed for in-fill hatching are 
different. 
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Metallographic & micro-hardness testing protocol 
Metallographic measurements were conducted using an optical microscope (OM; ZEISS 
Axioskop 2 MAT) and a scanning electron microscope (SEM; JEOL JMS-6700F; 20 kV). 
Quantitative image analysis on the columnar grain width and β interspacing were carried out 
using the Image J software. SEM samples were sliced into smaller pieces based on different 
positions as shown in Fig. 2 and then hot mounted with phenolic resin. Grinding and polishing 
were carried out with a Struers Tegramin 25 with the following protocol: a 280# silicon 
carbide was used for rough grinding followed by a Struers MD-Largo disc with a Struers 
Allegro/Largo 9 μm suspension for fine grinding; a chemical polishing process is also used 
with a Struers MD-Chem disc and a Struers OP-S active oxide polishing suspension; the 
polished surface is etched in Kroll’s reagent (1-3% HF, 2-6% HNO3, and 91-97% H2O) for 
10s before it is observed using OM and SEM. Mechanical testing of the hardness was 
performed using a Future Tech FM-300e micro hardness tester at room temperature and under 
ambient conditions on the metallographic samples with a machine setting of 1 kgF with a 15s 
hold time. 

Figure 2. Image of the block and curved part with varying fin thickness of 1mm, 5mm, 
10mm, 20 mm and the different measurement points studied in this work. 

RESULTS AND DISCUSSION 

Effect of build geometries on microstructure and micro-hardness 
In order to understand the influence of the build geometry between the two kinds of fin 
structures, the microstructure including the prior β columnar grain width and β spacing was 
systematically studied along the X-Z plane as shown in Fig. 3 & 4. Fig. 3 shows a typical α/β

duplex microstructure in the straight-finned structures, where the dark region is the α phase

that was etched out by the Kroll’s reagent while the rod-like β phase is in bright. There are 
two types of transformed α/β structure inside the prior-β grain, namely the colony and the 
basket-weave morphology. It is observed that much more martensitic αʹ lathes are present 
inside the 1 mm thick straight-finned structure (Fig. 3 a-b) as compared to the 20 mm thick 
counterpart (Fig. 3 g-h). In addition, it is also observed that the β spacing is larger in the 20

mm straight-finned structure (Fig. 3 (g)) (Fig. 3(a)). A similar trend on the average value of 
the prior β columnar grain width is also seen in Table 1 for the block part. The micro-hardness 
values obtained from the block part decrease from 1 mm thick straight-finned to 20 mm thick 
curve finned from 350 HV to 330 HV as shown in Table 3. This is in good agreement with 
previous study showing micro-hardness decreases with increasing build thickness (Tan, Kok 
et al. 2015). Fig. 4 shows the α/β duplex microstructure in the curve-finned structures. The β 
spacing and columnar grain width in the 1 mm thicked curve-finned structure (Fig.4a & b) is 
much coarser as compared to the 1 mm thick straight-finned structure in Fig. 3a &b. There is 
also few martensitic αʹ lathes observed in the 1 mm thick curve-finned structure. The micro-
hardness values obtained from the curve-finned sample show less difference between the 1 
mm and 20 mm thick curve-finned structures. The relationship between the micro-hardness 
and the microstructure scale can be explained by the classical Hall-Petch relation (Tan, Kok et 
al. 2015). The micro-hardness values along the straight-finned to the tip of the finned structure 
for the 5, 10 and 20mm thick straight-finned structure shows no significant difference. 
However, a difference between the micro-hardness from position 1 and 4 is seen in the 1mm 
thick straight-finned structure. This is likely due to less martensitic decomposition in the fin 
structure as compared to the bulk position, thus giving the fin structure a high micro-hardness 
value. It is worth to note that the observed transformed α/β morphology in the curve-finned 
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structures appears to be more irregular and less complete as compared to that in the straight-
finned structures. 

Figure 3. SEM images showing the microstructure of position 2 and 4 (a) and (b) 1mm, 
(c) and (d) for 5mm, (e) and (f) for 10mm, (g) and (h) for 20mm straight-finned
structures, respectably.  

Figure 4. SEM images showing the microstructure of position 3 and 4, (a) and (b) 1mm, 
(c) and (d) for 5mm, (e) and (f) for 10mm, (g) and (h) for 20mm curve-finned structures,
respectably.

Table 1: Average values of β columnar grain width (μm) 
Measurement 

Points \ 
Sample 

Thickness 

Type 1mm 5mm 10mm 20mm 

1 Straight-finned 44.1 ± 17.9 45.6 ± 15.6 46.5 ± 15.7 50.6 ± 15.1 
Curve-finned 47.9 ± 20.5 42.9 ± 14.0 48.7 ± 18.4 46.3 ± 17.3 

2 Straight-finned 35.2 ± 12.8 44.8 ± 15.3 47.5 ± 12.1 48.0 ± 12.5 
Curve-finned - - - - 

3 Straight-finned 35.8 ± 11.6 40.8 ± 11.9 44.7 ± 10.9 48.6 ± 13.5 
Curve-finned 46.1 ± 17.9 47.9 ± 15.9 44.1 ± 23.4 47.1 ± 18.3 

4 Straight-finned 40.1 ± 12.3 47.6 ± 11.2 44.8 ± 16.7 50.9 ± 12.5 
Curve-finned 40.7 ± 17.5 49.2 ± 15.8 51.2 ± 18.0 53.8 ± 23.7 

 Table 2: Average values of β interspace (μm) 
Measurement 

Points \ 
Sample 

Thickness 

Type 1mm 5mm 10mm 20mm 

1 Straight-finned - - - - 
Curve-finned - - - - 

2 Straight-finned 0.232 ± 0.1 0.391 ± 0.2 0.429 ± 0.1 0.447 ± 0.1 
Curve-finned - - - - 

3 Straight-finned 0.235 ± 0.1 0.499 ± 0.2 0.542 ± 0.1 0.623 ± 0.2 
Curve-finned 0.439 ± 0.1 0.547 ± 0.1 0.604 ± 0.1 0.476 ± 0.1 

4 Straight-finned 0.169 ± 0.1 0.378 ± 0.1 0.413 ± 0.1 0.461 ± 0.2 
Curve-finned 0.392 ± 0.1 0.464 ± 0.1 0.492 ± 0.1 0.482 ± 0.1 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 

α‘ lathes 

β spacing 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 

β spacing 
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Table 3: Average values of Vickers micro-hardness (μm) 
Measurement 

Points \ 
Sample 

Thickness 

Type 1mm 5mm 10mm 20mm 

1 Straight-finned 342.6 ± 6.9 344.4 ± 2.3 339.6 ± 6.2 334.8 ± 4.3 
Curve-finned 338.3 ± 7.5 330.0 ± 7.3 323.7 ± 7.1 322.7 ± 7.1 

2 Straight-finned 350.5 ± 7.91 342.0 ± 4.0 335.4 ± 5.5 338.2 ± 0.9 
Curve-finned - - - - 

3 Straight-finned 347.1 ± 4.0 347.2 ± 4.9 337.4 ± 2.6 332.5 ± 4.6 
Curve-finned 340.7 ± 8.9 332.1 ± 7.0 328.7 ± 8.7 325.8 ± 9.1 

4 Straight-finned 351.7 ± 3.9 341.7 ± 3.1 330.2 ± 12.5 336.1 ± 6.9 
Curve-finned 345.4 ± 8.0 335.2 ± 9.0 320.7 ± 5.0 323.3 ± 6.1 

In the SEBM process for Ti-6Al-4V, the as-built microstructure consists of a duplex α/β

microstructure with some presence of martensitic phase. Its microstructural evolution could be 
described as follows: as the electron beam travels across the metallic powder bed the resulting 
molten pool is rapidly solidified into β grains which then undergoes rapid cooling 
transformation into martensitic α’ phase. As subsequent layers are deposited, the martensitic 

α’ phase decomposes into the duplex α/β structure morphology due to the near isothermal 
build temperature of ~650-700oC. According to previous studies, the different scale of 
microstructure feature is due to different cooling rate and the duration of annealing 
experienced by the material (Tan, Kok et al. 2015, Wang, Tan et al. 2016). Since SEBM is a 
selective melting process, each molten pool experiences a different cooling rate and annealing 
duration depending on its spatial location. The three main paths that heat losses in the SEBM 
process is (i) radially through the surrounding sintered powder, (ii) vertically downwards 
through the built plate via conduction and (iii) vertically upwards from the top layer via 
radiation towards the ambient. Thus the thin structures in the sample will experience a high 
cooling rate due to a higher surface area to volume ratio allowing heat lost to the surrounding 
powder and to previously deposited layers. This could explain the difference in β interspacing 
seen in the 1 mm thick and 20 mm thick straight-finned structures. 

Another observation is that the curve-finned sample has coarser microstructure than the 
straight-finned sample. A possible reason for this may be that the straight-finned structures 
have a smaller cross sectional area as compared to the curve-finned structures thus the thermal 
input is smaller as can be seen in Table 4. This difference in cross sectional area also affects 
the hatch length that used in each of the finned structure. It can be observed from Fig 5. that a 
longer hatch length is performed in the curve-finned sample as compared to the straight-
finned sample. It is known that in the SEBM process the longer the hatch length is, the higher 
beam current is applied to ensure sufficient thermal input to the hatch. This increase in 
thermal input with the curve structure results in an increase of annealing temperature and 
time, which in turn lead to a coarser microstructure (Facchini, Magalini et al. 2009). In 
addition, the increase in annealing caused the decomposition of αʹ phase inside the 1 mm 
curve-finned structure, showing that sample’s melt geometry and area have significant impact 
on the presence of martensitic phase in the SEBM-built Ti-6Al-4V. 

Figure 5 (a). Illustration of the hatching strategy used by the SEBM Arcam machine in 
alternate layers (b) schematic of the different scan line length between the straight-
finned structure and the curved-finned structure 
Table 4: Surface Area of the fin structure region (mm2) 
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Sample Type 1mm 5mm 10mm 20mm 
Straight-finned 20 100 200 400 
Curve-finned 31 137 236 314 

In summary, this present study shows that the effect of sample’s build geometry and area on 
the as-built microstructure and mechanical property. This is observed by the presence of more 
martensitic phase in the 1mm straight-finned structure as compared to the 1mm curve-finned 
structure and the increasing microstructure scale with increasing structure thickness. This is 
further verified by Vickers micro-hardness measurements and columnar grain width 
measurements showing significant differences between the two different geometries and also 
among the individual features.  

CONCLUSIONS 
A microstructural characterization study on the synthetically influence of build geometry and 
in-fill hatching strategy on SEBM was carried out. Based on the experimental results the 
following conclusions can be drawn. The selective melted geometry and area have significant 
effect on the microstructure of as-SEBM-built Ti-6Al-4V parts. This can be observed from the 
amount of martensitic phase between the curve and block parts and the microstructure and 
mechanical property variation among the different structures with different thicknesses. 
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