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Abstract

Electron beam melting (EBM) is one of the powder-bed fusion additive manufacturing
technologies. This technology is very suitable for producing near-net-shape small to medium
volume metallic parts with complex geometries. However, layer-by-layer fusion step
introduces rapid thermal cycles, which results in a different microstructure as compared to their
cast or wrought counterparts. Therefore, the microstructure and mechanical properties
produced by EBM must be better understood and in turn to control the microstructure for
requirements of some specific applications. Accordingly, in this paper, an insight will be
provided on the effort of understanding the microstructure and mechanical properties from
atomic scale to real complex big-sized industrial components. The spatial- and
geometrical-based microstructure and mechanical properties of EBM Ti-6Al-4V as well as the
effect of heat treatment on them were investigated using atom probe tomography, transmission
electron microscopy, scanning electron microscopy, optical microscopy, x-ray diffraction,
x-ray computed tomography, nanohardness testing, microhardness testing, tensile testing and
finite element simulations. The microstructure and deformation mode depend on both the build
thickness and build height which are closely linked to the heat input and the cooling rate in
EBM process. Furthermore, the control of microstructure by varying the process parameters
and heat treatment schemes was also proposed. By using these findings, an impeller prototype
with a base diameter of 100 mm, a height of 53 mm and thinnest sections of ~0.7 mm and a
turbine blade prototype with dimensions of 180x70x360 mm were successfully fabricated by
EBM. These components exhibited an overall improved combination of strength and ductility
as compared to the counterparts fabricated by conventional methods. These results revealed
that EBM is a promising method for fabricating complex-shaped industrial components with
superior mechanical performance for practical application.
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Introduction

Additive manufacturing (AM), also known as rapid prototyping, three-dimensional
printing or solid freeform fabrication, has become an emerging technology in the
manufacturing industry, enabling the production of functional components directly from
computer aided design models [1, 2]. Electron Beam Melting (EBM) is one of the powder-bed
fusion (PBF) AM techniques for near-net-shape manufacture of high value added and small to
medium volume components [3, 4]. In an EBM system, high energy density electron beam
was generated to selectively melt the powder bed and it is theoretically able to process any
metallic materials with high melting points under elevated temperatures and high vacuum
atmosphere. The high vacuum atmosphere is suitable for reactive metallic materials, such as
Ti alloys. Among all of these Ti alloys, Ti-6Al-4V, which has extensive applications in
biomedical and aerospace fields in the past few years [5-7], is the most developed material for
EBM processing [4, 8, 9]. The microstructure and mechanical properties of EBM-built
Ti-6Al-4V parts have been extensively investigated in the past few years. The mechanical
properties of EBM-built small parts with simple geometries were revealed to be comparable
with wrought counterparts [10]. It is, however, not sufficient in the view of both academic
interest and industrial applications. For academic interest, it is still lacking the quantitative
studies to reveal the microstructure evolution during EBM processing to further guide the
development of new materials. Furthermore, in order to realize direct fabrication of industrial
components using EBM, it is necessary to not only understand the influence of build height,
build thickness and build geometry on component’s resultant microstructure and properties
but also to tailor the microstructures and properties to suit the requirements of specific
applications. In addition, it is essential to understand and control pore size and pore
distribution in EBM-built parts to ensure that the built part is a fully functional component
rather than just a prototype. Therefore, the present paper is to summarize the efforts taken in
Singapore Institute of Manufacturing Technology (SIMTech) and our collaborators to
elucidate the above critical scientific issues. In the following sections, we will present
experiments as well as simulations’ findings which are tailored to deepen our experience and
understanding of EBM process.

Spatial and geometrical-based microstructure and mechanical properties

We conducted systematic and quantitative characterization on microstructure and
mechanical properties of EBM-built Ti-6Al-4V [4, 11-15]. Fig. 1 shows the illustration of
EBM system and parts that were prepared to evaluate the effects of build thickness, build
height and complex geometry on the microstructure and mechanical properties. Their
dimensions are listed in Table 1. By utilizing the atom probe tomography, transmission
electron microscopy, scanning electron microscopy, optical microscopy, x-ray diffraction, and
finite element simulations, we revealed that the microstructure is dependent on the build
thickness, build height, and build geometry [4, 13-15]. For the parts with simple geometry, a
mixed microstructure of o/f and martensite plates was observed in the thin wall specimen (< 1
mm), while o/ dual phase microstructure was found in the other specimens [13]. With the
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increase of build thickness and build height, the a/p dual phase microstructure became coarser,
which was evaluated by the o lath width or B rod spacing [13-15]. In addition, a graded
microstructure was observed along the build direction. For the part with complex geometry,
however, the microstructure was much more complex as compared to that of a simple
geometry and it is dependent on the thermal history experienced by the sections [4].
Furthermore, additions of support structures at the bottom section could change the cooling
rates at both the top and bottom sections, resulting in a change in graded microstructure [4].
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machines to evaluate the effects of (b) build thickness, (c) build height and (d) complex
geometry on the microstructure and mechanical properties of EBM-built parts.

Table 1 Dimensions of EBM-built parts and their related purpose

Specimens  Width Length Height Purpose
No. (mm)  (mm) (mm)
1 1 100 30 Build thickness
2 5 100 30 Build thickness
3 10 100 30 Build thickness
4 20 100 30 Build thickness and build height

Build height and anisotropic

5 6 180 372 . .
mechanical properties

Complex geometry with thinnest
6 100 100 53 sections of 0.7 mm and thickest
sections of 45 mm
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In order to confirm the phase constitutions in the microstructure of EBM-built Ti-6Al-4V
samples with varying build thickness (Fig. 1b), we utilized the atom probe tomography to
quantitatively analyze their chemical composition at atomic scale [12]. Fig. 2a reveals
coexistence of o martensite and o phase in the thin EBM-built Ti-6Al-4V sample (1 mm in
build thickness). Some o’ martensite was found to be retained due to partial thermal
decomposition. By contrast, there are only o/f dual phases in the thick EBM-built Ti-6Al-4V
sample (10 mm in build thickness, Fig. 2b), which is attributed to full decomposition of
resultant martensite. Furthermore, we have found that martensitic microstructure would
appear at the topmost region of EBM-built Ti-6Al-4V samples regardless of their build
thickness [12]. Therefore, it can be concluded that martensitic transformation, including
formation and decomposition, takes place during EBM processing of Ti-6Al-4V alloy under
current optimized process parameters.

130 nm

Fig. 2. Atom probe tomography analysis showing retained a' phase and fully decomposed a/f
dual phases in EBM-built Ti-6Al-4V samples with build thicknesses of (a) 1 mm and (b) 10
mm, respectively.

According to the observed microstructure and the quantitative chemical composition
analyses, we proposed a complete phase transformation path involved in EBM processing of
Ti-6Al-4V [12, 14], as shown in Fig. 3. Wavy B grains formed from melt Ti-6Al-4V and
transformed into the dominant twined o” plates with some retained B phase. This martensitic
phase transformation occurred during the EBM processing, regardless of build thickness,
build height and build geometry. After which, the a" plates were completely or partly
transformed to o/p dual phase microstructure depending on the sections of EBM-built parts.
Specifically, martensitic phase was still observed in the thin wall structure and the topmost
layers of EBM-built parts [12, 13, 16].
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Proposed phase transformation sequence
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Fig. 3 Hlustration of phase transformation sequence in EBM-built Ti-6Al-4V.

Besides, we also clarified the degradation of strength in EBM-built Ti-6Al-4V. For
EBM-built parts with simple geometry, graded mechanical properties of Ti-6Al-4V with
degraded microhardness and tensile properties were observed from bottom to top according to
building height [11, 14, 15] and from thin to thick according to build thickness [4, 13]. This is
in agreement with the Hall-Petch relation, indicating that the graded properties takes place
mainly due to the graded microstructure. Furthermore, we also found that the o/f interface
strengthening plays the primary role in determining the strength of EBM-built Ti-6Al-4V [12,
14]. The increasing a/p lattice mismatch and o/p interface width are believed to account for
the strength degradation from the microscopic view [12]. Nevertheless, B grain refinement
strengthening seems to be more effective as the prior B grain boundaries could absorb a higher
amount of dislocations in comparison with the o/p interfaces [14].

Although the graded strength was observed in EBM-built parts, the minimum strength
value of the parts was still comparable with that of wrought materials. This indicated that
these EBM-built components exhibited an overall improved combination of strength and
ductility as compared to the counterparts fabricated by conventional methods. These results
revealed that EBM is a promising method for fabricating complex-shaped industrial
components with superior mechanical performance for practical application.
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Microstructure control by modifying processing parameters and post heat treatment

There are two methods to control the microstructure, firstly by varying the processing
parameters and secondly by conducting post heat treatment, which in turn allows tailoring of
the mechanical properties for specific applications. By varying five main processing
parameters (speed function, line offset, focus offset, reference length and average currents), it
is possible to modify the resultant microstructure and mechanical properties. Fig. 4 shows the
picture of one of the 6 batches of samples we prepared. A total of 96 samples were examined
to evaluate the variation of microstructure and mechanical properties. In fact, a mixed
microstructure of o/ and martensite plates, a fine o/pf dual phase microstructure and gradually
coarsen o/f dual phase microstructure could be achieved [17]. As an example, Fig. 5 shows
the change of microstructure with variation in speed function.

Fig. 4 Picture of samples (30x30x10 mm) prepared by Arcam EBM machine to evaluate
the effect of processing parameters on microstructure and mechanical properties.

Fig. 5 Microstructure dependence of speed function (SF) in EBM-built parts.

By conducting post heat treatment, the as-built microstructure and mechanical properties
can be modified. Because of thermal gradient along the build direction, the long columnar
prior B grains is always observed in EBM-built Ti-6Al-4V [4, 11, 18], which causes an
anisotropic mechanical properties [11]. Therefore, a wide range of heat treatment experiments
were performed. Interesting relationship between the heat treatment cycles and their resultant
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microstructure and the mechanical properties were observed. By modifying the morphology
of the EBM-built microstructure, improved mechanical properties with equiaxed grains could
be obtained via post heat treatment [19].

Besides, we also tried to control the texture in EBM Ti-6Al-4V by considering the
solidification map for Ti-6Al-4V where the solidification rates (R) and thermal gradients (G)
were extracted from numerical calculations [20]. Several calculations were carried out at
different process parameters (for example scan speed and beam power) and the influence of
the parameters on the texture can be observed by extracting G and R from the mushy zone and
finding where the data falls on the solidification map in respect to the mixed-to-columnar and
mixed-to-equiaxed boundaries. Unpublished numerical work done by the present authors
indeed revealed that texture control in powder-bed fusion (PBF) of Ti-6Al-4V may be more
challenging than for Ni-based superalloys [21, 22].

Porosity

Two types of pores (typical spherical pores and the irregular pores) can be observed in
the EBM-built parts (Fig. 6). The irregular pores with large dimensions were caused by
improper setting of processing parameters [17]. Small spherical pores that was a common
phenomenon in AM Ti-6Al-4V parts [23-25] were observed and all the porosities were less
than 0.25 vol. % in EBM-built parts [26]. The origin of small spherical pores is possibly
related to the entrapped argon gas during the fabrication of gas atomized Ti-6Al-4V powder.
Nevertheless, limited small pores with homogenous distribution in the built part will not
adversely affect the microhardness and tension/compression mechanical properties of the
EBM-built parts [24]. However, these existed pores degraded the fatigue properties of AM
Ti-6Al-4V parts and are detrimental to components with fatigue application needs. Therefore,
one of the efforts of the present authors is to improve the fatigue properties by minimizing the
pore size and pore volume fraction via the optimization of the processing parameters [17]
rather than via post processing, such as hot isostatic pressing that is a conventional method to
improve fatigue properties of AM parts.
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Fig. 6 Morphology of pores observed in EBM-built parts.
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Surface finishing

Although the mechanical properties of machined EBM-built parts are comparable with
that of the wrought counterparts [10, 11, 14, 15], the surface finishing of EBM-built parts is
quite rough [4]. Fig. 7 shows the surface roughness measured from four big plates (Fig. 1c). It
was revealed that the surface roughness was independent of build height, though the graded
microstructure and mechanical properties were observed along the build height [15]. The
rough surface is caused by the powder size which is in the range of 45-105 pm and the beam
size which is ~200 um for the present Arcam A2X or A2XX machines. Unpublished results
show that optimizing processing parameters and/or adopting fine powder are the possibilities
to achieve a better surface roughness. In addition, we can orientate the critical surface of parts
to specific positions to achieve better surface roughness. Fig. 8 shows the surface
perturbations using optical profiler in the EBM-built specimen. Obviously, the top surface
(Fig. 8a) has a better surface finish than the side surface (Fig. 8b).
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Fig. 7 Surface roughness dependence of build height in EBM-built Ti-6Al-4V.
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Fig. 8. Surface perturbations using optical profiler in the EBM-built specimen (a) top
surface and (b) side surface.
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Fig. 9 shows the pictures of EBM-built medium volume industrial parts. The dimensions
of nozzle (Fig. 9a) and blade (Fig. 9b) are ®180%300 mm and 180x70x360 mm, respectively.
A visible rough surface is observed for the side surfaces rather than top surface (Fig. 9b).
Moreover, a series of post treatments, such as (i) adaptive computer numeric control abrasive
material removal process and (ii) chemical and plasma material removal process, is necessary
if a better surface finish is required. A post treated blade that exhibits better surface finishing
is shown in Fig. 9 (c).
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Fig. 9 Pictures of (a) EBM-built nozzle, (b) EBM-built blade and (c) polished blade.

Simulations of residual stress formation

It is believed that the EBM-built parts have a very low residual stress because of the
elevated building temperature that acts as a stress relief heat treatment. However, it is
important to obtain the exact value of residual stress in EBM-built parts and to further
minimize the residual stress. Therefore, we numerically studied the formation of residual
stress formation caused by the EBM process. This was motivated by the difficulty to obtain
reliable measures of residual stress because of the rough surface of EBM-built parts. Our
interest has been in understanding the quantitative role of process parameters such as beam
size, scan speed, beam energy density and bed preheating temperature. Systematic
calculations [25] showed that changing the beam parameters may not be the best strategy to
minimize residual stress. In fact, the traditional metallurgy argument of processing at higher
temperature had superior quantitative impact than the fine-tuning of the beam parameters. Our
study revealed that the residual stress (Von Mises stress) in EBM-built parts is lower than 200
MPa, and decreased with increasing powder bed preheating temperature (Fig. 10) [25]. Even
though high-temperature processing certainly requires adjustments in the melt theme
parameters, the simulations suggest a route to avoid any post-processing stress-relief steps for
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parts where a milder microstructure is acceptable and in conditions where smoke events and
balling are kept under control.
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Fig. 10 Simulations of residual stress formation during single-track EBM scans. (a) Overall
features of residual stress in cross-section and (b) line profiles along the red dashed line in (a)
for different bed preheating temperatures.

Simulations of microstructure evolution

Simulations of PBF metal AM can complement experiments in a number of ways,
including the understanding of the part’s texture and microstructure. As discussed in the
previous sections, both the texture and the microstructure of EBM parts are different from
their cast or wrought counterparts. Specifically, the texture is different where columnar grains
are dominant over equiaxed grains, while martensite or fine oo dominates over the classical
bimodal distribution. In reality, casting and metalworking equally result in textures and
microstructures, which are not necessarily equiaxed and homogeneous. However, the
anisotropies in AM parts are clearly larger. As pointed by Babu and coworkers [27], neither
an isotropic, bimodal microstructure nor a directional, martensitic microstructure are
necessarily “optimal” per se; rather, it is the purpose and design of the part that dictates its
optimal texture and microstructure. In this regard, modeling and simulations can provide a
fast and cost-effective tool to explore the parameters’ processing window that affects the
microstructure.

One of our interests is to understand why martensite could form in EBM. In our model,
the volume fraction of martensite (f.') was a new variable at each integration point, together
with the fractions of a (f.) and of B (fg), such that fo+fp+fo-=1. At the same time, fortunately,
this calculation is not problematic from a numerical standpoint because, as a solid-state
transformation occurring below the B transus, the cooling rates are already significantly
smaller than those during solidification. Specifically, at each integration point within the FEM
mesh, the following conditions were checked: (i) temperature below the martensite start
temperature (800 °C) and (ii) cooling rate faster than 410 °C/s [28]. If these conditions were
met, the amount of available B was transformed into martensite. At the same time, the
semi-empirical equation for martensite dissolution shown by Gil-Mul et al. [29] was
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implemented. As a result, if an integration point had a non-null martensite volume fraction
and the local temperature was sufficiently high, martensite could decompose. Here, the
amount of decomposed martensite was equally redistributed into f, and fp at the following
iteration step. After that, the equations for the evolution of a and B would update fo and fg to
their new appropriate values. In summary, an example of such implementation is shown in
Fig. 11, where simulations were performed to understand the effect of the different build
temperatures between EBM and SLM and to correlate that with the different amounts of
martensite typically seen in EBM and SLM samples [30].

(b) SLM build

Fig. 11. Volume fraction of martensite during 4-layer (a) EBM build and (b) SLM build.
Aside from small differences in the beam geometry which account for electron or laser beam,
the main difference was the building temperature of (a) 650°C and (b) 30°C.

Conclusions

Overall, our work demonstrated that EBM processing resulted in a different
microstructure and mechanical properties from other powder-based metal additive
manufacturing technologies. The comprehensive understanding of microstructure evolution,
mechanical properties variation, and residual stress distribution in EBM processing of
Ti-6Al-4V is useful for the development of new materials in the future. The porosity and
surface roughness on EBM-built component should be considered when EBM is applied to
produce high performance components. Future work should be focused on understanding the
pore formation mechanism and understanding the effect of surface roughness on the
mechanical properties, such as tension/compression mechanical properties and cyclic
deformation.
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