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A B S T R A C T

The Electron Beam Melting (EBM) is an Additive Layer Manufacturing (ALM) technique used to directly man-
ufacture 3D functional parts from metal powder, selectively melted, layer by layer, by an electron beam ac-
cording to a geometry defined by a CAD model. The EBM technology allows benefitting from countless ad-
vantages: material waste reduction, easy manufacturing of complex shapes, lead time reduction, etc; on the other
hand the EBM process is typically associated with lower resolutions and higher surface roughness
(Ra = 25–30 μm) compared to similar laser based powder bed metal processes.

Therefore the surface morphology may be a critical issue for the structural integrity of components made in
EBM and used in-service in their “as built” condition, i.e. with the characteristic surface released by the process.

This study evaluates surface morphology and tensile properties of Ti6Al4V specimens of varying nominal
thickness (1–5.0 mm), made by using EBM process with a layer thickness of 50 μm. The aim is therefore to
investigate how the surface morphology and the tensile properties are affected by the nominal thickness of the
component.

1. Introduction

In the industrial production environment, in the last years, the
Additive Layer Manufacturing technologies (ALM) are taking an in-
creasingly important role. These innovative technologies allow the
production of a layer-by-layer component, with the progressive adding
of material. These are production processes that have been developed
for a long time in the field of rapid prototyping, but only in recent years
have been massively applied to industrial production [1–5].

Electron Beam Melting (EBM) is an ALM technology developed by
the Swedish company Arcam AB Corporation, which commercialized
the first machines in 1997 to provide efficient solutions for the pro-
duction of metal components [6,7]. The EBM was developed by the
company to process materials, such as titanium alloys, that require high
process temperatures being difficult-to-machine through traditional
processing technologies. The final goal is to economically produce de-
manding applications such as low-pressure turbine blades and struc-
tural aerospace components [8–10]. EBM employs the energy of an
electron beam to selectively melt a layer of metal powders, creating a
three-dimensional layer-by-layer component. During the EBM process,

each layer of the component is melted in two phases referred to as
contouring and hatching. Contouring, which is used to improve the
surface finish, melts the outlines of the layer and it is characterized by a
constant beam power and a constant scanning speed. Generally it is
performed in two steps, spaced by an offset, called inner and outer
contouring. The hatching is used to melt the inner part of the layer and
unlike the contouring phase, the beam power and the scanning speed
are continuously varied according to the thermal conditions of the
melting pool which are function of the geometry of the printed com-
ponent.

EBM and in general the additive technologies potentially offer to
designers and technologists numerous advantages such as the reduction
of the lead-time of new product and the possibility of producing any
kind of complex shape. However, the production process is affected also
by some limitations that mainly concern surface finish and dimensional
accuracy of the components. In particular, for EBM, the problem of
dimensional accuracy is due to some process factors such as the thermal
shrinkage, the electron beam diameter and the random average dia-
meter value of the powders used. On the other hand, as regards to the
surface roughness, it has been widely studied that the process
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parameters and the reduction of the thickness of the components are
the main affecting factors [11,12].

In a previous work [13], Sepe et al. found that there is not sub-
stantial difference between the Young’s modulus of the specimens made
with contouring theme and that one of specimens made with con-
touring and hatching theme when the specimens have the same thick-
ness. On the contrary, other mechanical properties vary with the
thickness, because of the high roughness of the components made by
EBM which reduces the effective cross section.

Nowadays, the high roughness of the components made by EBM and
the difference in size of the printed parts with respect to the size of the
CAD model, involve high approximation on the mechanical behaviour
of parts made by EBM that are employed in-service without any post
manufacturing finish process, like trusses in a lattice structures or thin-
walled components that have a thickness lesser than that of a standard
testing coupon used in mechanical testing. Therefore, it is important to
investigate the mechanical behavior of EBM built parts with respect to
the surface condition and thickness dependency.

In this paper, an experimental study was carried out in order to
evaluate the surface morphology and the tensile properties of Ti6Al4V
samples of varying nominal thickness (1.0–5.0 mm) manufactured
using the EBM process. The purpose was to investigate how the surface
morphology and tensile properties are affected by the component size.

2. Materials and methods

The Ti6Al4V alloy, in the raw state, used in this study for the EBM
process, is produced and distributed by Arcam AB Corporation in the
form of powders, with a nominal diameter in the range of 45–100 μm
obtained by atomization process. The chemical composition in wt% of
powders is reported in Table 1.

Specimens with four different thicknesses (1.0 mm, 2.0 mm, 3.0 mm
and 5.0 mm) were manufactured using the ARCAM A2X available at the
Italian Aerospace Research Centre (CIRA). Standard process themes,
developed by ARCAM AB for the Ti6Al4V Titanium alloy with a layer
thickness equal to 50 μm, were used in this study. The process was
carried out in vacuum (in the chamber, from 5× 10−3 mbar at the start
to 2 × 10−5 mbar at the end of the process).

Shape and nominal sizes of the specimens are shown in Fig. 1 and
Table 2.

2.1. Static tests

Static tensile tests were carried out according to ASTM E8 [14] by
electromechanical testing system Zwick 250 with a load cell capacity of
250 kN, the strains during the tests were measured by means of an
extensometer.

The specimens were tested under displacement control with a
crosshead speed v= 1.86 mm/min, up to failure. The dimensions of the
cross sections of the specimens were measured using calipers on the as
fabricated surfaces. The sizes of specimens measured with calipers are
reported in Table 3. The measured dimensions were obtained by ar-
ithmetic average of the measured dimensions of specimens belonging to
the same batch.

2.2. Microscopic analyses

In order to evaluate the effective cross section area of the specimens,
above all for the thinner ones, three further specimens having the same
cross section of the tensile test specimens (12.5 mm as width and dif-
ferent thicknesses) were manufactured in the same job and thus by
using the same process parameters. The nominal dimensions and the
identification label of the specimens are reported in Table 4.

Table 1
Chemical composition of powder (wt%).

Material Al V Fe O N H C Ti

Ti6Al4V
Used Powder [%]

6.38 4.14 0.19 0.14 0.02 <0.003 0.01 Balance

Required [%] ASTM F2924 5.5 ÷ 6.75 3.5 ÷ 4.5 <0.3 <0.2 <0.05 <0.01 <0.1 Balance

Fig. 1. Shapes and sizes of specimens.

Table 2
Nominal sizes and number of specimens.

Batch Number of
specimens

Thickness th,n
[mm]

Width Wn

[mm]
Nominal area An

[mm2]

A1 5 1 12.5 12.5
A2 5 2 12.5 25.0
A3 5 3 12.5 37.5
A4 5 5 12.5 52.5

Table 3
Real sizes of cross section of specimens.

Batch Number of
specimens

Mean Meas.
thickness th,meas.
[mm]

Mean Meas.
width Wmeas.

[mm]

Mean Meas.
area Ameas.
[mm2]

A1 5 1.189 12.571 14.947
A2 5 2.118 12.503 26.481
A3 5 3.067 12.505 38.354
A4 5 5.046 12.672 63.943

Table 4
Nominal sizes of samples used in microscopic analyses.

Specimen Length L
[mm]

Width Wn

[mm]
Thickness th,n
[mm]

Nominal area An

[mm2]

S1 20 12.5 1 12.5
S2 20 12.5 2 25.0
S3 20 12.5 3 37.5

R. Sepe, et al. Theoretical and Applied Fracture Mechanics 107 (2020) 102519

2



The specimens were cross-sectioned by using a low speed, water
cooled, sectioning machine REMET MT60 and submitted to microscopic
analysis. From the sectioning, six samples were obtained (two for each
specimen).

Each sample was mounted in the resin and grinded with 180 grit
papers. The grinded samples were inspected with stereo-microscope
LEICA MZ12 with a magnification of 20X. The images of the cross
sections were acquired by the digital camera LEICA MC 190 HD and
elaborated by the software LAS EZ and MATLAB in order to measure the
effective cross section area of the specimens.

The evaluation of the effective cross section area of the specimens is
fundamental for the interpretation of the results of the experimental
tensile test.

3. Results and discussion

3.1. Static tests

In Table 5, the results of tensile tests are reported in terms of
Young’s modulus E, yield stress σy, ultimate tensile stress σr and per-
centage elongation Z with standard deviation (S), while in Fig. 2 the
tipically stress vs. strain curves for each thickness are shown.

The experimental results show a strong dependence of the me-
chanical properties on the thickness. The specimens 1 mm thick have
the lower values of the evaluated mechanical properties and this is due
to the surface roughness of the specimens which reduces the cross
section more than for the thicker specimens (as in the following it will
be shown). This confirms the results of tensile tests of previous work
[13].

The Figs. 3–5 show the evaluated mechanical properties compared
with respect to literature data [15], which can be considered as the
tensile mechanical properties of the core (typical material). In fact, in
their work Pirozzi et al. [15] obtained such mechanical properties from
machined specimens in order to remove the surface roughness. The
literature values are represented with blue line in the figures (dash dot
blue lines represent the statistical distribution in terms of standard
deviation).

In the case of yield stress and ultimate tensile stress (Figs. 4 and 5)
these mechanical properties tend towards to the material characteristic
value confirming that the surface roughness reduces the mechanical
properties, especially in thin specimens, where the cross-section area
reduction, in percentage, is more critical. While the value of Young’s
modulus reaches a reference value of about 120,000 MPa already when
the thickness of specimen is 3 mm, this means that for values of
thickness higher than 3 mm the surface roughness does not influence
the Young’s modulus (Fig. 3). Moreover, this value is in good agreement
with the value obtained by Pirozzi et al. [15] with a difference of only
5% which is within a normal statistical dispersion of data.

Table 5
Experimental results of tensile tests.

Batch E [MPa] (S) σy [MPa] (S) σr [MPa] (S) Z [%] (S)

A1 92,607 (3119) 645 (9.2) 673 (9.6) 2.9 (0.7)
A2 114,979 (4890) 792 (4.7) 820 (11.2) 5.3 (0.3)
A3 119,590 (5331) 863 (5.9) 895 (4.8) 5.0 (0.9)
A4 120,880 (3753) 899 (10.3) 941 (5.7) 6.3 (0.9)

Fig. 2. Stress vs. strain curves.

Fig. 3. Young’s modulus of specimens compared with literature data.

Fig. 4. Yield stress of specimens compared with literature data.

Fig. 5. Ultimate tensile stress of specimens compared with literature data.
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3.2. Microscopic analysis

Fig. 6 shows the cross sections of the specimens. It is possible to
observe as the external surface of the specimens is very irregular due to
the roughness. This involves that the effective cross section area is
different, in particular lower (especially for the specimen 1 mm thick)
than the measured area Ameas. used to calculate the mechanical prop-
erties and reported in Table 3.

The images of cross sections (Fig. 7a) were acquired by digital
camera LEICA MC 190 HD and elaborated with software LAS EZ in
order to obtain the cross-section boundary (Fig. 7b).

After that the frontier of each cross section was elaborated with
MATLAB, in order to obtain the effective area Aeff. of each specimen
(Fig. 8).

The results obtained by elaborating the images of the specimen
cross sections with different thickness are summarized in Table 6. Also,

in Table 6 the nominal area An, the measured area Ameas. and the dif-
ference in percentage between the measured area Ameas. and effective
area Aeff. are reported.

The results, reported in Table 6, show that the difference in per-
centage between measured area Ameas. and effective area Aeff. decreases
as the thickness of specimen increases, this means that the roughness
has high influence on the effective area of the specimen when it is
thinner.

Therefore, by using the effective area Aeff instead of the measured
area Ameas. (Table 6), it is possible to recalculate the tensile mechanical
properties of the specimens. In particular, the reduction percentage of
5 mm specimen sectional area was calculated by extrapolation from the
data reported in Table 6 and it was estimated equal to 2.17%.

The recalculated properties are reported in Table 7 and tend to the

Fig. 6. Cross section of the specimens obtained by microscopic analyses: (a) 1 mm tick; (b) 2 mm tick; (c) 3 mm tick.

Fig. 7. (a) image of cross section processed by software LAS EZ; (b) frontier of the cross section.

Fig. 8. Effective area of cross section Aeff. of specimen S2_2.

Table 6
Effective area Aeff. obtained by microscopy analyses.

Specimen An. [mm2] Ameas.

[mm2]
Aeff. [mm2] (Ameas.

–Aeff.)·100/
Aeff. [%]

Average of
difference for
each specimens
[%]

S1_1 12.50 14.997 12.235 22.57 23.03
S1_2 12.50 14.997 12.145 23.48
S2_1 25.00 26.482 24.586 7.71 7.98
S2_2 25.00 26.482 24.465 8.24
S3_1 37.50 38.354 36.686 4.55 4.68
S3_2 37.50 38.354 36.590 4.82

R. Sepe, et al. Theoretical and Applied Fracture Mechanics 107 (2020) 102519

4



values obtained by Pirozzi et al. [15] with a difference lower than 8%.
Moreover, from results reported in Table 7 it possible to state that the
recalculated Young modulus E of specimens is about the same for all
specimens and therefore the difference of results reported in Table 5 is
due only to the value of the area of cross section used to calculate it.
The lower values of mechanical properties of batch A1 can be due to the
presence of voids in the cross section or higher surface roughness of the
specimens that produces ridges of material on the surface of specimens
that does not collaborate to strength of specimens (Fig. 9).

4. Conclusions

From the results obtained by the tests on specimens with different
thickness there is a strong influence of specimens dimension on all the
considered tensile mechanical properties (Young’s modulus, yield stress
and ultimate tensile stress).

Such mechanical properties are lower for the thinner specimens and
this is due to the fact that the reduction of the actual cross section (in
percentage) due to surface roughness is greater for these specimens as
confirmed by the microscopic analyses. In fact, if the effective area of
specimens is considered, the mechanical properties of materials are close
to the values present in literature for machined specimens. This influence
is stronger when the thickness of specimens is lower than 3 mm.

Therefore, it is necessary that designers use appropriate values of
the material mechanical properties, which take into account the effec-
tive resistance of the component, especially in design of parts that will
be used in-service in their “as built” state and having thin dimensions.
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