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Additive manufacturing (AM) of metals is expanding and already starts to reach industrial scale. Among many
different technologies of AM, powder-bed technologies are the most widespread as they provide the highest reso-
lution and so the widest options in the production of complex parts. Selective laser melting (SLM) and electron
beam melting (EBM) both belong to this technological group. In this paper, we describe the differences between
these two technologies on the example of titanium alloy production. Due to different material states in the as-built
condition, the material shows a different response to heat treatment. We depict the differences by microstructure
observations and hardness measurement after annealing the titanium alloy at temperatures of 100-1000 °C and
subsequent water quenching. While the titanium alloy is stable when manufactured by EBM, it shows

microstructural changes associated with changes in mechanical properties when manufactured by SLM.
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1 Introduction

Although 3D printing of metals, as additive manufac-
turing (AM) is familiarly called, is still often seen by the
general public as science fiction, it already starts to reach
industrial scale. Among many different technologies of
AM, powder-bed technologies are the most widespread as
they provide the highest resolution and so the widest op-
tions in the production of complex parts [1].

Energy Source (Laser/Electron Beam)

Powder Roller Part Being Constructed Loose Powder

—_—

- Metal Powder

Powder Feed Tank Build Tank

Fig. 1 Schema of powder bed AM technologies[3].

Powder-bed technologies work with fine powder ma-
terials with particles of tens micrometres in size. That is
one of the prerequisites for their high resolution. Contrary
to direct deposition technologies, where the powder is de-
posited already in the shape of the desired product, in
powder-bed technologies, the powder is successively de-
posited in thin layers onto a building plate in a working
chamber and forms a ‘powder bed’, within which a prod-
uct is built afterwards. The fusion of powder particles oc-
curs by selective irradiation by an energy source, which
can be a laser or electron beam. In each step, a layer of
tens micrometres in thickness is processed. After that, the

building plate is lowered, a new powder is deposited and
the next layer of the product is built. For such layer-wise
production, the product must be computer-sliced and two-
dimensional coordinates obtained for all layers. The third
dimension is then given by the shift of the building plate,
which is determined by the thickness of a deposited layer
[2]. A simplified schema showing the principle of pow-
der-bed technologies is given in Fig. 1.

Selective laser melting (SLM) and electron beam
melting (EBM) both belong to this technological group.
The main difference between these two technologies lies
in the energy source, which is a laser beam for SLM and
an electron beam for EBM. Due to the use of electrons,
EBM must work under vacuum, while an inert atmos-
phere is fed to the SLM chamber. An electron beam is
generally of a much higher power, therefore, it usually
works with larger powder particles and higher layer thick-
ness. Also, significantly faster scanning rates can be used.
Nevertheless, it does not necessarily mean that the EBM
process is faster. In EBM, a pre-scan is applied to each
layer to heat the powder up to reduce temperature gradi-
ents and great thermal stresses which would negatively
affect part build-up. That prolongs the process. In SLM
systems, only the building plate can be preheated, not the
whole ‘powder bed’. SLM thus yields products with sig-
nificant internal stresses, which are usually desirable to
be removed by additional heat treatment of the products
[4]. After EBM, no heat treatment is generally necessary
[5]. The comparison of the main features of SLM and
EBM is given in Tab. 1.

Titanium and its alloys are an expensive material, not
only due to the high price of the raw material but also be-
cause of difficulty in processing under a protective atmos-
phere and difficult machining. Conventional manufactur-
ing methods result in high manufacturing costs as the part
production requires many operations, many tools and is
accompanied by a significant material loss. By minimiz-
ing both material loss and production steps, AM thus rep-
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resents a great opportunity in titanium production. More-
over, thanks to their great strength-to-weight ratio, corro-
sion resistance and biocompatibility, titanium and its al-
loys are one of the main materials used for demanding

Tab. 1 Comparison between SLM and EBM [6-8]

and high-performance applications, such as various in-
dustrial components, engine parts, medical implants etc.
Components for such applications often require specific
complex shapes. Here, AM also extends the present pos-
sibilities and brings novel designs [1, 6].

SLM EBM
Energy source laser electron beam
Beam size 0.1-0.5 mm 0.2-1.0 mm
Scanning galvanometers deflection coils
Energy absorption absorptivity-limited conductivity-limited
Resolution 0.04-0.2 mm 0.1 mm
Accuracy +0.05-0.2 mm +0.2 mm
Working environment inert atmosphere (Ar, N») vacuum
Preheating resistive heating of powder bed pre-heating
the building plate by electron beam
Layer thickness 30-100 pm 50-200 pm
Scanning speed <10 m/s < 8000 m/s
Build rate <50 cm*h 55-80 cm*/h
Surface finish Ra9-12 um Ra 25-35 pm
Residual stresses high minimal

Heat treatment

A huge amount of scientific literature illustrates the
interest in the AM of titanium. Many research works have
focused on the optimization of SLM/EBM process pa-
rameters to reach the highest possible density (e.g. [9,
10]), others have developed and tested various complex
structures prepared by AM (e.g. [11, 12]), some were fo-
cused on treating the surface of additively manufactured
titanium to reduce relatively high surface roughness and
improve related properties (e.g. [13, 14]), etc. There have
also been papers directly comparing various properties of
titanium alloys manufactured by SLM, on one hand, and
by EBM on the other (e.g. [15, 16]). Although similar re-
sults can be achieved by SLM and EBM after some minor
modifications (such as stress relief after SLM, surface
treatment etc.), there are some process-inherent differ-
ences encoded in the as-printed material. In this paper, we
digestedly describe the differences in the structure of the
titanium alloy Ti-6Al-4V processed by SLM and EBM,

stress relief required

not required

and different responses to heat treatment associated with
them.

2 Experimental Setup
2.1 Samples preparation

The material studied in this paper is the Ti-6Al-4V al-
loy (grade 23 ELI) of the composition listed in Tab. 2. For
the purpose of additive manufacturing, it is used in the
form of a gas-atomized powder with particles of spherical
shape and suitable particle size distribution. The powders
were purchased from industrial suppliers recommended
for each AM technology. For selective laser melting
(SLM), it was rematitan® CL (Dentaurum, Germany)
powder with the particle size of 15-45 pm. Since electron
beam melting (EBM) operates with higher energies,
larger particles are suitable. Powder of 45-105 pum parti-
cle size was purchased from AP&C.

Tab. 2 The composition of Ti-6Al-4V alloy, grade 23 ELI (ASTM F2924, wt. %)

Ti Al A\ Fe

[0) C N H

bal. 5.50-6.75 3.50-4.50 max. 0.30

max. 0.20

max. 0.10 max. 0.05 max. 0.015

Selective laser melting was carried on an M2 Cusing
machine, ConceptLaser. This machine is equipped with
one Yb:YAG fibre laser of 200 W in power. Samples in
the form of round bars, 0.5 mm in diameter and 90 mm in
length, were fabricated with a laser power of 200 W, scan-
ning speed of 0.8 m/s and hatching distance of 112 pm.
Samples were fabricated by the processing of 30 pm thin
layers of the powder gradually deposited by a rake onto
the building plate. Each layer was scanned with the use of
an ‘island’ scanning strategy in which ‘islands’ of 5x5
mm? in size are scanned in a random order to minimize
the formation of steep thermal gradients and so internal
stresses. Samples were built in the vertical orientation.
Argon was fed to the building chamber to prevent oxida-
tion. Final samples were cut into cylinders of 10 mm in

height for the subsequent tests of heat treatment influ-
ence.

Electron beam melting was accomplished on an Ar-
cam Q10 EBM machine, which operates under vacuum
with an electron beam of 3000 W in max. power. A block
of 40x20x20 mm? was fabricated and subsequently cut
into cubic samples with an edge of 10 mm. The block was
fabricated in 50 um thin layers which were deposited by
a rake onto the building platform continuously heated to
740 °C by a rapid scan (10 m/s) of the electron beam with
a beam current of 30 mA. In each layer, the powder was
selectively melted by the electron beam, with a beam cur-
rent of 15 mA, scanned in lines across the building plate
by a speed of 4.5 m/s. The hatching distance between
lines was 0.2 mm.
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2.2 Heat treatment

Prepared samples were annealed in a muffle furnace
Martinek MPO5 at temperatures of 100 to 1000 °C. An-
nealing at each temperature was carried out for 2 h. Af-
terwards, the samples were quenched into water. The in-
fluence of annealing on hardness and microstructure evo-
lution was observed.

Hardness was measured on samples ground on SiC
paper P2500 using a Vickers hardness tester Future-Tech
FM-700 and 1 kg load applied for 10 s. Hardness was
measured, both prior and after the annealing, for each
sample to observe hardness change due to annealing only
and eliminate the effect of a possible microstructural ani-
sotropy. Hardness values were statistically evaluated
from 10 measurements.

Microstructure in the as-built states and after anneal-
ing was observed using an inverted optical microscope
Olympus PME3 and a scanning electron microscope
TESCAN VEGA-3 LMU. The samples were ground, pol-
ished on diamond pastes and silica suspension supple-
mented with hydrogen peroxide, and etched in Kroll’s re-
agent.

3 Results and Discussion
3.1 Influence of additive manufacturing technology

Figure 2 represents the differences between the micro-
structures of Ti-6Al-4V alloy prepared by SLM (Fig. 2 a-

@ oy L

Hardness measured in the as-built state showed

slightly different values than could be expected. Although
higher hardness could be expected for SLM samples with
finer martensitic structure and high level of internal
stresses, we obtained a value of 342 + 5 HV1 compared
to 375 £ 5 HV1 for EBM samples. Such a discrepancy

c¢) and EBM (Fig. 2 d-f). On longitudinal sections (Fig. 2
a,d), columnar grains elongated in the building direction
can be seen in both samples. The epitaxial growth of
grains across many successively deposited layers is the
result of laser remelting of several previously processed
layers. New grains thus nucleate in the same crystallo-
graphic orientation as grains in previous layers [17]. Dur-
ing cooling, the high-temperature B-phase transforms.
Cooling rates during SLM/EBM can reach up to 10°°10°
°C/s [17]. At such rates, diffusionless martensitic trans-
formation occurs. The prior B grains are thus filled with
martensitic needles. Until this point, the microstructure
evolution is the same in SLM and EBM but, as it is clear
on the comparison of Figs. 1c and 1f, the final microstruc-
ture is different [18, 19]. Conversely to SLM, the EBM
building chamber is preheated each layer, which reduces
thermal stresses in the material and eliminates the need
for annealing final products. Considering the temperature
of preheating (740 °C) is higher than the temperature
needed for martensite decomposition (575 °C [20]), mar-
tensitic phase transforms into the mixture of a+f phases.
Vanadium atoms diffuse from the martensitic needles
which become lamellae of a-phase, and B-phase is formed
in the interlamellar space. Compared to the single-phase
and very fine needle-like microstructure of the SLM Ti-
6Al-4V alloy (Fig. 2c), the EBM samples thus show two-
phase coarser lamellar microstructure (Fig. 2f).

can be caused by porosity. SLM samples showed porosity
of 1.7+ 0.5% while EBM material was almost defect-free
(porosity of 0.2 = 0.1%). The pores observed in the SLM
samples (Fig. 3a) suggest insufficient fusion in between
successively melted scan tracks. These so-called lack-of-
fusion (LOF) defects are of an irregular shape, elongated
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in the scanning direction and distributed along the scan
tracks. Higher energy should bet thus delivered to the
powder material to ensure its proper consolidation. EBM
is generally associated with much higher energy. There-
fore, no LOF was observed (Fig. 3b). The 0.2% porosity
was represented by smaller spherical pores formed by gas
entrapment. At a high solidification rate, gas might not be
able to escape from the melt and forms gas bubbles. Also,
it is possible that the material itself evaporates at high
energy and spherical voids are then formed. This pheno-
menon is known as the key-hole effect [21].
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Fig. 3 Porosity of Ti-6Al-4V samples: a) SLM, b) EBM
3.2 Influence of heat treatment

Figure 4 shows the hardness evolution with annealing
the samples at different temperatures. There is a remark-
able difference between SLM and EBM. While, for SLM,
we observed a peak at 600 °C, no significant hardness
changes were registered for EBM. Different response of
the material to annealing is related to the different micro-
structure in the as-built state. While o+ lamellar micro-
structure is relatively stable up to the transformation tem-
perature (99545 °C [22]), martensite decomposes during
annealing.

When we compare the SLM microstructure in the as-
built state (Fig. 5a) and after annealing at 600 °C (Fig.
5b), we observe martensitic needle-like microstructure
with no significant difference. The changes that occur
take place on a nanometer scale and can be visualized
only by transmission electron microscopy. Wu et al. [22]
showed in their paper that the hardness increase is asso-
ciated with the gradual decomposition and refinement of
martensitic needles. Above 600 °C, martensite starts to
decompose into the mixture of a+f} phases state (Fig. 5¢).
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The higher the temperature, the more martensite is trans-
formed and the hardness decreases. Microstructure coars-
ens, stresses are relieved. At temperatures above 900 °C
(martensite start), B phase undergoes shear transfor-
mation into martensite again. A combined a-lamellar mi-
crostructure with small amount of martensitic needles can
be formed. Above the transformation temperature, the
whole material is in the state of the B phase so that
quenching results in a fully martensitic microstructure.
Above 900 °C, hardness can be expected to increase.
Nevertheless, at such high temperatures, titanium is very
prone to oxygen which affects its properties and transfor-
mation temperatures. Due to annealing under atmospheric
conditions, increased amount of oxygen dissolved in the
solid solution probably shifted the martensite start tem-
perature Ms towards higher values [23]. Therefore, the la-
mellar two-phase microstructure can be still observed
(Fig. 5d). Compared to the micrograph for a lower tem-
perature of 800 °C (Fig. 5c), we can see that the lamellae
have coarsened.

In the EBM samples, an equilibrium o+f lamellar mi-
crostructure is already present in the as-built state (Fig.
5e). Martensite transformation, which occurs above 600
°C in the SLM samples, already took place during the
EBM process at the preheating temperature of 740 °C. No
significant hardness change was measured up to 900 °C
(Fig. 4b). Hardness only slightly gradually decreased due
to a gradual coarsening of a-lamellae (Fig. Se-g). Simi-
larly to the SLM samples, at temperatures around 1000
°C, there was already a significant oxygen affection. In
an oxygen-free atmosphere, the martensitic transfor-
mation would already take place during quenching but
here we observed a lamellar two-phase structure (Fig.
5h). Due to the strengthening effect of oxygen dissolved
in the solid solution, hardness rose at 1000 °C (Fig. 4b).

On the comparison of microstructures obtained after
annealing the SLM and EBM samples (Fig. 5), it can be
noticed that the microstructure of the SLM and EBM
samples was comparable after annealing at 800 °C. A
comparable hardness was achieved too (Fig. 5). As a tem-
perature of 820 °C is usually recommended to relieve
stresses and stabilize the microstructure after SLM, one
can see that a final material state is similar regardless of
the applied AM technology.
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Fig. 4 Hardness evolution during annealing Ti-6Al-4V samples produced by: a) SLM, b) EBM
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Fig. 5 Microstructure changes at different annealing temperatures: a) SLM as-built, b) SLM-600°C, ¢) SLM-800 °C, d)
SLM-1000 °C, e) EBM as-built, f) EBM-600 °C, g) EBM-800 °C, h) EBM-1000 °C. Same scale for all micrographs.

4 Conclusion

Although SLM and EBM technologies are based on
the same principle of melting the powder deposited in thin
layers into the working chamber, they show some differ-
ences resulting in the material of different microstructure
and behaviour. Melting small volumes of powder mate-
rial by a focused laser or electron beam yields extreme
cooling rates at which Ti-6Al-4V alloy undergoes a mar-
tensitic transformation. In SLM, which works at ambient
temperature, martensitic microstructure is preserved in
the final as-built samples. However, preheating of the ma-
terial in the EBM working chamber is responsible for the
transformation into a stable a+f lamellar microstructure.
The different as-built state is then the cause of different
material response to heat treatment. We observed mate-
rial changes associated with the decomposition of the
metastable martensitic phase during annealing the SLM
samples. The maximum hardness was reached after an-
nealing the samples at 600 °C followed with water-
quenching. Compared to that, the microstructure and
hardness were stable for the EBM samples.
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