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Abstract.
The use of additive manufacturing processes keeps growing in aerospace and biomedical industry. Among the numerous

existing technologies, the Electron Beam Melting process has advantages (good dimensional accuracy, fully dense parts) and
disadvantages (powder handling, support structure, high surface roughness). Analyzes of the surface characteristics are interesting
to get a better understanding of the EBM operations. But that kind of analyzes is not often found in the literature. The main goal
of this study is to determine if it is possible to improve the surface roughness by modifying some parameters of the process (scan
speed function, number of contours, order of contours, etc.) on samples with different thicknesses. The experimental work on the
surface roughness leads to a statistical analysis of 586 measures of EBM simple geometry parts.

INTRODUCTION

The development of additive manufacturing techniques such as EBM [1, 2] permits to build fully dense metallic near
net shape parts from powder. This technology permits to build complex parts without an increase in price. One of its
main drawbacks is the surface roughness of the part. The development of new products in mechanical applications
such as contact application (solid-solid (prosthesis), fluid-solid (turbo machine), Ra from 1.6 to 0.1 μm) leads to
study the surfaces of the manufacturing process. The roughness is high (Arithmetic roughness (Ra) is around 25 μm
according [3]) and therefore it is necessary to finish the part in such applications.

To guide post-processing steps for finishing EBM parts [4] it is important to determine the dimensional accuracy
of the process [5] and the surface roughness. In this paper, we focus on the surface roughness optimization. The main
goal of this study is to determine if it is possible to improve the surface roughness by modifying some parameters
of the process (scan speed function, number of contours, order of contours, etc.) on samples with different thicknesses .

The literature review showed few references on the optimization of the surface roughness of Electron Beam
Melting parts. For the analyses of the surface roughness, a simplified energy density equation has been used by some
authors as a simple variable for correlating input process parameters to the surface roughness [6, 7]. Those authors
used different methods to evaluate roughness (optical [6] and touche probe [7]) . However, the only study analyzing in
details this influence does not obtain satisfactory results on roughness prediction (Low R2 value between experiments
and model) [7].

To fill this gap, the goal of this study is to determine if is it possible to improve the surface roughness by
modifying the process parameters. The parameters of inner and outer contours (beam speed, focus offset, current,
etc.) have been modified and the roughness was defined for each sample. The results were compared to the standard
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Table 1. Standard parameters for 50 μm layer recom-
mended by ARCAM

Parameters Values

Number of contours 2
Order of contours outer to inner

Speed of outer contours 340 mm/s
Focus offset of outer contours 3 mA

Current of outer contours 4 mA
Multibeam of outer contours 40 spots

parameters recommended by ARCAM (see Tab. 1).

EXPERIMENTAL PROCEDURE

Sample manufacturing
In this study, 3 batches of parts were fabricated (named job 1, job 2 and job 3) by an ARCAM A2 machine.
Traditionally, the process starts with preheating the powder. Then the contours and finally the inner region are melted
(hatch melting). During the fabrication the temperature of the processed surface is maintained at 850◦C by scanning
the surface with the electron beam.

The material properties are linked to the thermal history during fusion and solidification. If the path, the speed,
the number of contour etc. are modified, the energy density is modified too. In EBM the density of energy is computed
as :

E =
60keV × I
d × v × t

Where E is the energy density, I is the current, d is the diameter of the electron beam, v is the speed and t is the
layer thickness.

For each batch, a set of standard parameters optimized for 50 μm layers (see Tab. 1) was used for at least one
part in the batch to constitute a reference.

For the other parts some parameters were tuned such as scan speed function, number of contours, order of
contours, etc. By this way the energy density is modified. To compare the energy density the proportional energy is
define as :

E j = k

I j

v j×FO j

E0

Where E j is the proportional energy of part j, I j is the current of part j, FOj is the Focus offset of part j, v j is the
speed of part j and k a parameter in J.mm/S .

E0 is the proportional energy of the standard parameter and it is given by :

E0 = k
I0

v0 × FO0

In the experiments conducted in this study the density energy varies from 0.3 to 3.9 times the standard value.

The geometry of the sample was a parallelepiped rectangle with different thicknesses built along the Z building
direction (see Fig. 1). The height of the part allows to respect the ISO 4288 standard of roughness measurement [8].
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Figure 1. EBM Samples geometry (Job 1 (a), Job 2 and 3 (b)) for surface roughness analysis

In this case, according to the value announced by ARCAM for the arithmetic roughness Ra (25μm), the measuring
length is 40mm.

The material used in this study is the most widely used material for the EBM Process. It is Ti6Al4V.

In the first batch (Job 1), 28 different combinations of printing parameters (3 FO (Focus Offset), 2 numbers of
contours (2 or 100), 2 outer currents, order of contours, 2 multibeam configurations (10 or 40) and 4 speeds contours
) are tested and for each parameter 5 parts with different thicknesses were built (7 mm, 5 mm, 3 mm, 1 mm and 0.6
mm). The modified parameters have only an impact on the outer contours. The batch is built with recycled powder.

The second batch (Job 2) is a combination of 6 different printing parameters (2 FO, 2 numbers of contours (2
or 100), and 3 speeds contours ) with different thicknesses (7 mm and 1 mm) and different inclinations (90◦, 60◦ and
45◦). The modified parameters have only an impact on the outer contours. In this batch new powder is used.

The last batch (Job 3) is a combination of different printing parameters (3 CO (contours offset), 3 FO and 4 speeds
contours) also with different thicknesses (7 mm and 1 mm) and different inclinations (90◦, 60◦ and 45◦). The modi-
fied parameters have only an impact on the inner contours. In this batch the powder used is the same powder as in job 2.

Experimental Setup and method

The surface quality is defined by a surface roughness meter SURFCOM 1400D-3DF. The diameter of the probe used
is 2 μm. The ISO 4288 standard [8] is followed for each measurement. The arithmetic roughness Ra and the to-
tal roughness Rt values are recorded for each measured samples. 3 measures are conducted on each face of the sample.

The samples are statistically analyzed and an algorithm is followed (see Fig. 2). According to [10], the first step
is the determination of the normality of the samples by a Shapiro-Wilk Test. If the samples are not normal, a non
parametric Wilcoxon test is performed otherwise, the variance are compared by a Fisher Test. If the variances are
equal a Student Test is used to compare the samples. Otherwise, a Welch test is performed. For more information
about those tests see [10]. The goal of these tests is to determine if the samples with standard and modified parameters
are significantly different.
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Figure 2. Average comparison of the samples [9]

RESULTS AND DISCUSSIONS

In this study, more than 24 differents build parameters have been modified with different thicknesses (outer contour
FO, number of contours, outer current, order of contours, multibeam configuration, outer speed contours, contours
offset, inner contour FO, inner speed contours, etc.). The statistical tests showed that there was no significant
difference between standard parameter parts (reference) and modified parameters parts. To support these results, the
different Ra and Rt values were plotted (see Fig. 3 and 4).

1 4 5 6 2 3Parts 7 8 9 10

Figure 3. Arithmetic roughness of parts with different parameters. The correspondent parameters are consigned just below (Stan-
dard parameter are noted by 0. If the value is larger, there is a + and if the value is lower, there is a -. (Standard parameter = hatched
bars)
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The influence of input parameters permits to conclude that the modification of input parameters, which affects
the most the energy density equation, does not lead to an improvement of the surface roughness, whatever the
thickness of the samples and the chosen parameters may be. The proportional energy varies from 0.3 to 3.9 times the
standard value for the energy density. In spite of this, the maximum and minimum values for Ra are close (see Fig. 3).

The three sets of parts, Job 1, 2 and 3, revealed that the standard parameters are the best compromises in the Ra
and the Rt, whatever the thickness of the parts and their inclination with respect to the horizontal. Fig. 3 and 4 show
that the standard parameters give the best results for Ra and Rt. The measures showed that Ra is between 24 μm and
40 μm and that Rt is typically around 250 μm. That corresponds to values announced by ARCAM [3] and is similar
to what was observed by [7].

Parts1 2 3 4 5 6 7 8 9 10

Figure 4. Total roughness of parts with different parameters. The correspondent parameters are consigned just below (Standard
parameter are noted by 0. If the value is larger, there is a + and if the value is lower, there is a -. (Standard parameter = hatched
bars)

The study of the roughness of inclined parts shows that the underside has a lower roughness than the upper side.
This observation was made in the majority of cases.

In Job 2 and 3, parts printed with the same parameters in the same batch can produce different results with a
difference sometimes up to 5 μm for Ra (see the second and the sixth with standard parameters (hatched) on Fig.
3). This finding brings to two questions: does the position of the part in the batch play an important role on the
surface roughness? And what about the repeatability of EBM process in the surface finish? These differences may be
explained by the fact that the position of the part in the manufacturing batch has an influence on its heat exchanges.
If 2 parst in the same place and with the same parameters are compared (see the third and the seventh with standard
parameters (hatched) on Fig. 3), the difference for the Ra value decreases to about 3-4 μm. The maximum and
minimum values of the samples show that this is not so significant.

040010-5



Another interesting observation is that the use of new powder leads to an improvement of the surface roughness
(see the first (job1) and the others (job 2 and 3) with standard parameters (shaded) on Fig. 3).

CONCLUSIONS
This paper presents results of surface characterization of EBM Ti6Al4V parts by a mechanical method (with touch
probe). The followed methodology is highlighted and the ISO 4288 standard [8] is adopted for each measurement.
586 measures were conducted on EBM samples with different parameters. The use of a mechanical method leads to
higher value than in an optical method [6].

The main conclusion of this study is that the modification of the various parameters influencing the energy
density does not allow a significant improvement in the surface roughness of the parts, whatever the thickness or
the inclination of the parts may be. The standard parameters are, according to this study, optimal for the arithmetic
roughness Ra and for the total height of the roughness profile Rt. The measurements show an arithmetic roughness
ranging from 24 μm to 40 μm and a typical total roughness ranging from 197 μm to 321 μm. This had not been
demonstrated before this study.

The use of new powder leads to an improvement of the surface roughness. But if new powder is used for each
batch of fabrication one of the best advantages of AM is lost : not much waste.
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