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Abstract 

Additive manufacturing is feeding great hopes for future developments in fields such as aeronautical, biomedical and rapid tooling industrssssies. 
However, limitations are still restricting its use to make prototypes and hampering mass production. In the case of titanium alloy printing (e.g. 
Ti6Al4V) with the EBM (Electron Beam Melting) process, the major obstacle to use parts directly after printing is their roughness (Arithmetic 
Roughness (Ra) ~25 µm). Even if the parts are better regarding residual stresses than parts coming from other 3D printing processes, the high 
roughness decreases their fatigue resistance. A set of parts were manufactured in Ti6Al4V by EBM process. Their characteristics in terms of 
dimension (cylindricity and diameter) and surface (Arithmetic Roughness Ra and Total Roughness Rt) were evaluated directly after printing. The 
average Rt stands at 96 µm e.g. The parts endorsed then a first chemical etching to remove the peaks and valleys on their surface. The average 
Rt decreased at 90 µm e.g. Afterwards, a robotic machining was performed to remove a layer of 400 µm to reach the core material of the part. 
The average Rt obtained was 5 µm e.g. Finally, a second chemical etching with the same parameters as the first was done. The average Rt 
increased finally to 9 µm e.g. The same set of dimensional and surface measurements were made after each step of the experimental setup. The 
succession of operations and measurements allows to compare the influence of conventional machining on the chemical finishing performed on 
the parts. Furthermore, the machining emphasizes the apparition of surface defects due to the use of a robot (tessellation). Finally, a Rt degradation 
and a surface finish change have been recorded after the second chemical etching. Perspectives can be focused on assessing these last observations 
by repeating the experimental setup with more parts. 
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1. Introduction and context 

1.1. Additive Manufacturing  

Additive Manufacturing (AM) is gaining more popularity 
since the last 20 years and feeds wide expectations for Industry 
4.0. [1,2]. The main advantage achieved by AM is the 
production of near net shape parts with complex geometry 
while using less material than conventional manufacturing 
processes [3]. This allows to make rapid prototypes, produce 

small and intermediate series of goods without investing in 
costly equipment and unlock design limitations. Aeronautical 
and biomedical industries have strong interest in the available 
AM technologies and their current capabilities [3]. 
Nonetheless, limitations such as lack of standards, slowness in 
production and rough surfaces are still limiting their use in 
mass industry [2]. Additive manufactured parts also suffer from 
surface defects [4]. These lasts impact the mechanical 
properties of the parts and reduce their ability to resist to 
fatigue. Finishing treatments are then mandatory to improve 
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these mechanical properties in order to reach the same 
performance as parts produced by conventional processes.  

1.2. Titanium alloys 

In the wide range of printable products, titanium alloys are 
widely used in medical, aeronautical and chemical fields. In 
this family, Ti6Al4V is, as said by Liu and Shin [5], the most 
popular with plenty of applications thanks to its properties in 
terms of strength-to-weight ratio, biocompatibility and 
corrosion resistance [6]. This alloy is mostly printed with three 
current processes: DED (Direct Energy Deposition), SLM 
(Selective Laser Melting) and EBM (Electron Beam Melting) 
[7].  

EBM process is less studied than SLM but feeds great hopes 
due to the mechanical properties of the parts produced 
(compressive residual stresses), its capability to produce 
components with a higher building rate and a lower porosity 
than SLM [5]. However, this faster printing goes with an 
increased roughness (Arithmetic Roughness (Ra) ~25 µm) with 
respect to the other processes. This roughness is a weakness for 
the parts when they are under stresses and does not allow a 
direct use for specific mechanical applications (contact e.g.). 
Indeed, in addition to be ineffective in terms of mechanical 
resistance, every irregularity of this rough surface can act as a 
crack initiator [4] and leads to poor fatigue resistance of the 
parts directly used after printing. 

1.3. Chemical etching 

Several processes exist to improve the surface finish [2,8]. 
They can be sorted into mechanical treatments [8]: shot-
peening, tribofinishing, vibratory finishing, conventional 
machining, laser polishing or also non-conventional techniques 
like shape adaptative grinding [9] and in electrochemical 
treatments [8]: chemical etching, electrochemical polishing and 
plasma electrolytic polishing. In this available panel, chemical 
etching is one of the most promising answer to improve the 
surface state because it can be applied to any complex geometry 
(e.g. lattice structures), does not need big investment and does 
not induce mechanical stresses on the part surface. Moreover, 
this process allows a complete part treatment [10] and has 
already shown good results for lattice structures finishing 
treatments [11,12]. Conventional finishing treatments have 
also shown their limitations when treating titanium alloys: e.g. 
build-up on the tool edge during machining and fast wear of 
wheel during grinding [13].  

Different types of acids can be used depending of the 
finishing operation required. As explained by Wysocki et al. 
[14] in the case of scaffolds structures (lattice), the more 
efficient chemical etching to remove unmelted titanium 
particles is made by using a mix of HF and HNO3. Indeed, if 
only HF was used, then hydrogen embrittlement would have 
been promoted and the chemical bath could have been more 
difficult to control. Consequently, the chemical etching chosen 
for the experiments shown in this article is composed of a mix 
of HF and HNO3 as also used in the literature [11–13,15,16]. 

This article compares the achievable roughness of Ti6Al4V 
EBM parts chemically finished before and after robotic 
machining. This study allows to compare the material 
composing the part surface and its core, together with their 
influence on chemical etching. For this reason, a set of 
measurements is performed with diameter, cylindricity and 
roughness measurements (Arithmetic Roughness Ra and Total 
Roughness Rt) of the treated parts.  

2. Parts manufacturing 

The geometry of the parts used in this study is given in Fig. 
1(b). They were printed by EBM process on an ARCAM A2 
machine. The part design is fitted with two different cylinder 
diameters (diameter a and b) as depicted in Fig. 1 (a). The 
building direction of the samples was set along their Z axis. 
Standard ARCAM parameters for 50 µm layers were used. The 
total height targeted was 27.450 mm and diameters a and b 
were respectively set at 9.660 mm and 21.070 mm. In total 24 
parts were produced in the same batch. The resulting part 
geometry is shown in Fig. 1 (b) with a standard centimeter rule. 

The part material is Ti6Al4V ELI (Extra Low Interstitial) 
Grade 23. Printing was performed with spherical plasma 
atomized ARCAM powder of this last material. Granulometry 
distribution of the powder is between 45 µm and 106 µm. The 
D50 is centered on 70 µm and no Hipping operation was 
performed. 

6 parts were selected from the batch. They were chosen 
according to their position on the building plate of the EBM 
machine. This choice was made in order to have parts with the 
same thermal history and, consequently, the same metallurgical 
and mechanical properties. These first 6 parts coming from the 
3D printing machine without any further treatment are named 
“raw parts” in the following sections. Each part has been given 
a letter from A to F to record the different measurements 
performed on it. 

 

 

Fig. 1. (a) Sample design and coordinate axis; (b) Resulting part geometry 

3. Experimental setup 

In order to emphasize the influence of conventional 
machining on chemical finishing, 4 steps were set up in the 
experimental study: 

 
 0 - Preliminary analysis; 
 1 - First chemical etching; 
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 2 - Robotic milling; 
 3 - Second chemical etching. 

 
The figures of sections 4, 5 and 6 use the numbers in front 

of each step. 

3.1. Preliminary analysis 

The first step of experimental setup was dedicated to 
performing dimensional and surface roughness measurements 
on the raw parts. Indicators such as Arithmetic Roughness (Ra) 
and Total Roughness (Rt) were measured to characterize the 
surface quality of the parts. These measurements were 
performed on a Diavite DH-6 machine. Acquisition of the 
signal was made by a computer and Ra and Rt calculations 
were performed under the software Diasoft version 3.1.9. It 
should be noted that arithmetic and total roughness were 
measured along a direction parallel to the axis of the part 
cylinders. In order to have a complete overview of all the 
cylinder roughness, 5 measurements spaced by 72 ° (rotation 
with respect to Z axis) were performed on each part. 

Cylindricity and diameter measurements were performed 
using a Wenzel LH54 coordinate measuring machine (CMM) 
with a Renishaw head PH10M and a Renishaw TP20 spherical 
probe of 2.5 mm diameter. It should be noted that the 
measurements were made without a regulated temperature in 
the room. Temperature varied approximately between 18°C 
and 21°C and this variation was considered within the error 
calculations (contribution of ± 0.55 µm on each result). Almost 
all measurements described are made on the cylinder of 
diameter b. The cylinder of diameter a is used to hold the part 
during measuring or milling operations. 

3.2. First chemical etching 

The next experimental step is the first chemical etching. 
This was carried out in order to remove a thickness equivalent 
to the total roughness measured during the first step. All bath 
parameters are not given since it is the know-how of the 
company having processed the parts. The only available 
information is the ratio between nitric and hydrofluoric acid. 
This stands at 20. As shown in section 4.2, the Rt measured 
varies between 82.04 and 110.20 µm. Consequently, to be sure 
to take off Rt, a target layer of 150 µm was asked to be 
removed. The aim of this operation is to discard the peaks and 
valleys existing on the part surface.  

After analysis it was shown that a layer of ~ 250 µm was 
removed identically on all parts during this first chemical 
etching. This last measurement shows also that the chemical 
bath acted equally on all parts treated. The same set of 
dimensional and surface measurements, as for preliminary 
analysis, was then performed again to compare the chemically 
etched parts with the raw parts.  

3.3. Robotic milling 

The third phase consists in removing a sufficient layer on 
the part in order to get rid of the remaining roughness coming 
from the printing process. The layer removed on each part is 

400 µm. The machining was performed using a milling robot 
Staubli TX200 fitted with a Teknomotor ATC71 electro-
spindle. The milling tool selected is a SECO JS512050 
D2C0Z2 NXT with a diameter of 5 mm and 2 teeth. Standard 
cutting conditions recommended by SECO for this tool in 
Ti6Al4V were used but without lubrication: 

 
 Feed per tooth  fz = 0.026 mm/tooth; 
 Cutting speed   vc = 95 m/min; 
 Feed speed  vf = 314 mm/min; 
 Radial depth of cut ae = 200 µm; 
 Axial depth of cut ap = 500 µm. 

 
 2 radial passes of 200 µm were performed with the robot 

with an axial depth of cut of 500 µm to ensure the best 
achievable roughness. After robotic milling, the same set of 
analysis, as for preliminary analysis, was made for dimensional 
and surface characterization. As it is described in section 6, the 
robotic milling induced new surface defects (tessellation) due 
to its reduced capability to achieve geometrical trajectories of 
small diameter with respect to its working zone.  

3.4. Second chemical etching 

The last step of analysis is a second chemical etching on the 
parts. The same bath parameters were used and the ratio 
between nitric and hydrofluoric acid remains at 20. The layer 
asked to be removed is the same as for step one in order to be 
in the same operating conditions. So, the target layer to be 
removed stands at 150 µm. After analysis it was shown that an 
average layer of 85 µm was removed identically on all parts. 
Finally, the Ra, Rt, diameter and cylindricity measurements 
were performed a last time to allow a comparison of this step 
with the 3 previous ones.  

3.5. Witness samples for visual analysis 

A part was chosen after each step, in order to act as a witness 
of the operations performed. So, after the step zero, part A was 
kept, and the other ones were chemically etched. After step one, 
part B and C were kept, and the other ones were robotically 
milled. Part C was kept because it was the witness used to 
calibrate the first chemical bath. After step two, part D was 
kept, and only parts E and F endorsed the last chemical etching. 
In these last two parts, F was the one chosen to calibrate the last 
bath. Fig. 2 shows the different witnesses after each step of the 
experimental setup. 

Fig. 2 allows to carry out a visual evaluation of the part 
cylinder of diameter b after each experimental step. After the 
first chemical etching, the part surface seems to be more 
homogeneous in terms of roughness. However, it is still high 
as it is presented in section 4. Robotic milling allows to obtain 
a shiny finish while the last chemical etching decreases the 
shiny finish and leads to a duller surface. 
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Fig. 2. Witnesses of the experimental steps 

4. Arithmetic and total roughness measurements 

Each part result presented in the following sections is an 
average of five measurements. For each set of data, a standard 
deviation (σ) has been computed. 2σ is used as error bar on the 
figures in order to have 95% of the results contained in the 
interval: result ± 2σ. All the measurements were made on the 
cylinder of diameter b with an evaluation length of 4.8 mm.  

The results obtained for Ra and Rt before robotic milling do 
not fulfill ISO 4288 [17] because, as the roughness is between 
13.14 µm and 17.40 µm, the evaluation length to choose would 
have been of minimum 40 mm. However, the available average 
length of the cylinder is 9.45 mm and does not allow to analyze 
roughness profile with the recommended length. Consequently, 
Ra and Rt measurements can only be used to have a qualitative 
point of view of the decrease or increase of roughness. 

4.1. Arithmetic roughness measurements 

Fig. 3 compares the arithmetic roughness (Ra) 
measurements after each step of the experimental setup. For 
raw parts coming directly from the 3D printing machine, the Ra 
starts between 13 and 17 µm. These measured values are better 
than the ones found in literature [8,16]. As explained by Nutal 
in [8], this can be due to the too short evaluation length with 
respect to ISO 4288 recommendations [17]. 

The first chemical etching decreases roughness only by 
2.5%. This observation is confirmed by Dolimont et al. [16]. 
Part D had also a higher roughness after first etching than 
before without any visual signs of degradation on the part. 
However, the surface after chemical etching seems to be still 
rough visually but better than before as shown by Dolimont [2]. 

Roughness decreases dramatically after robotic milling and 
reaches results < 0.5 µm for some parts (reduction of 97%). 
This last roughness result allows to foresee demanding 
application of the treated part cylinder according 
recommendation of Ra < 1.6 µm for contact surface. Same 
range of results was measured by Bagehorn et al. [10]. This 
remaining roughness, with respect to the thickness removed, is 
mainly due to milling parameters and is not coming from initial 
raw parts roughness.  

The last chemical etching does not affect the arithmetic 
roughness which stands at the same level as after robotic 
milling.  

 

 

Fig. 3 Arithmetic Roughness [µm] 

4.2. Total roughness measurements 

The measurements of total roughness for the parts after each 
step of the experimental setup are given in Fig. 4. The same 
observations as arithmetic roughness measurements can be 
made. So, total roughness is decreased by 6.5% after the first 
chemical etching from an average value of 96.27 µm to 
90.04 µm. So, even if a layer of 250 µm is removed, the 
roughness peaks and valleys are still on the parts and do not 
allow to destine them directly to a mechanical demanding 
application such as contact. Even though, the first chemical 
etching allows to homogenize the total roughness of the parts 
(except for part D for which total roughness was measured 
higher after chemical etching than before). This last 
observation confirms the visual analysis. 

The robotic milling decreases the Rt from an average of 
90.04 µm to 4.72 µm, so a reduction of 95%. These results 
demonstrate that the peaks and valleys composing the raw parts 
roughness have been taken off efficiently by robotic milling. 
The remaining roughness comes from the robotic milling 
operation itself.  

The measurements made after the last chemical etching 
show a degradation of Rt (increase of 83% of the value after 
robotic milling). The part with the highest degradation (part F) 
is the one which has undergone a longer chemical etching since 
it was the witness used to calibrate the bath. This can be a 
consequence of the last chemical etching applied on the 
material composing the core of the part. It would be interesting 
to continue with more parts to assess this result. As explained 
before, these measurements are made on only two parts.  

 



1040 Laurent Spitaels  et al. / Procedia Manufacturing 47 (2020) 1036–1042
 Spitaels / Procedia Manufacturing 00 (2019) 000–000  5 

 

Fig. 4. Total Roughness [µm] 

4.3. Complementary Ra and Rt measurements 

As explained in section 3, all treatments were focused on the 
cylinder of diameter b. Nevertheless, Ra and Rt measurements 
were also performed on the cylinder of diameter a after the 
second chemical etching. Indeessd, this cylinder received two 
chemical etching treatments without robotic milling in 
between. So, comparing their respective roughness allows to 
highlight the contribution of roughness improvement of the 
second chemical bath as if it was performed without robotic 
milling. The assumption that chemical etching is acting with 
the same efficiency on all the sample cylinders and that 
roughness is homogeneous on all the part after printing are 
made.  

Results are presented in Fig. 5. The ones for Step 0 
(Preliminary analysis) and Step 1 (After first chemical batch) 
were made on cylinder of diameter b while the results showed 
for Step 3 (After second chemical bath) were obtained by 
measuring roughness on the cylinder of diameter a. As before, 
each measurement was repeated five times. All of these were 
performed at 72° from each other. Error bars are computed by 
using a 2σ approach.  

Conclusion about this figure is that, even after the first bath, 
it is still possible to improve by approximately 30% the 
arithmetic and total roughness of the parts. The conclusions are 
the same as shown in section 4.1 for the improvement between 
step 0 and 1. 

 

 

Fig. 5. Complementary measurements of Ra [µm] and Rt [µm] 

5. Diameter measurements 

Fig. 6 shows the diameter measurements after each step of 
experimental setup. Each measuring point was obtained by 
probing 8 points spread over two circles at two different heights 
with respect to the Z axis of the parts. The average diameter of 
the best cylinder passing by these points was then computed.  

As expected, it decreases after each experimental step. After 
all different phases, an average of 1.453 mm of material was 
removed on each part cylinder of diameter b. Error bars are 
computed by using a 2σ approach.  

 

 

Fig. 6 Diameter of cylinder b [mm] 

6. Cylindricity measurements 

The results of cylindricity measurements are given in Fig. 7. 
Each measuring point was obtained by probing 8 points spread 
over two circles at two different heights with respect to the Z 
axis of the parts. The standard radial deviation from the two 
probed circles was then computed in order to obtain the 
cylindricity. The measurement error bars are also computed by 
taking a 2σ approach.  

Measurements on raw parts indicate that, even if parts in the 
same region of the building plate were chosen, they do not have 
the same characteristic in terms of cylindricity (σ = 0.027 mm 
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for an average cylindricity of 0.062 mm). These results are still 
in the same range after the first chemical etching.  

On the other hand, cylindricity is three times worse after 
robotic milling. This is due to the process chosen of robotic 
milling and the poor robot capacity to interpolate a circular 
trajectory of small diameter with respect to the robot size. It can 
be seen visually on the parts machined that the surface has new 
defects (tessellation) which appeared after their machining.  

The second chemical etching does not allow to improve this 
defect. Consequently, the results of cylindricity after second 
chemical etching are still on the same range as before and 
chemical etching does not affect part cylindricity. 

 

 

Fig. 7 Cylindricity of cylinder b [mm] 

7. Conclusion 

Parts were obtained by EBM process in Ti6Al4V. These 
parts have undergone a first chemical etching followed by a 
robotic milling. The last treatment was a second chemical 
etching with the same parameters as the first one. Dimensional 
and surface parameters were measured before the first 
experimental step and the after each operation.  

Arithmetic roughness was not much affected by the first 
chemical etching (decrease of only 2.5%). The robotic milling 
allowed to decrease Ra dramatically (by 97%) and to obtain a 
shiny finish. The last chemical etching did not increase or 
decrease the Ra but modified the surface aspect by making it 
duller than before. 

Total roughness measurements conclusions are the same as 
Ra for the first chemical etching (decrease of only 6.5%) and 
for robotic milling (decrease of 95%). Though, the last 
chemical etching increased Rt substantially (by 83%). These 
measurements have been only made on two parts. So, it would 
be interesting to pursue analysis and make a chemical etching 
with more parts robotically milled beforehand to assess this 
influence of chemical etching on robotic milling in terms of Rt. 

Diameter measurements showed the expected results and a 
global decrease of part size along the experimental steps. The 
average material removed on each cylinder of diameter b is 
1.453 mm after all different steps.  

Even if the parts were coming from the same region of the 
building plate, cylindricity of raw parts were heterogeneous (σ 

= 0.027 mm for an average cylindricity of 0.062 mm). The first 
chemical etching did not change these results. However, 
robotic milling degraded cylindricity of the part by 300% due 
to the process itself. Chemical etching does not degrade 
cylindricity while robotic milling does. 

Finally, this study shows the potential of chemical etching 
but also its limitations. This process is very promising since it 
allows to treat the part regardless of its geometry and without 
inducing stresses on the part surface. However, it was not 
possible to reach an arithmetic roughness as good as after 
robotic milling. Moreover, after having applied a chemical 
etching on the core material of the part, Rt increased and the 
shiny surface became dull. More analysis will be required to 
assess if this aspect modification is linked to a metallurgical 
change of the part surface material. These observations show 
that it is not yet possible to use directly chemical etching for 
raw parts coming from a 3D EBM machine without further 
analysis. 
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