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Abstract

Additive manufacturing technologies have several well-known advantages; however, the surface quality of the printed parts
is poor, compromising the corrosion and mechanical properties. Thus, surface finishing treatments are necessary. The most
post-processing treatments proposed in the literature are mechanical or chemical. The formers are contact techniques and
cannot be suitable for complex geometry, while the latter use strong and dangerous reagents. This paper is aimed to investigate
the effect of the electropolishing treatment, a contactless technique, using an eco-friendly electrolytic solution in reducing
the roughness and improving the fatigue properties of Ti6Al4V specimens produced by electron beam melting technology.
Several parameters affecting the effectiveness of the electropolishing treatment have been investigated, as interelectrode dis-
tance, stirring rate and duration time. An optimal combination of them allowed a uniform surface treatment and a significant
roughness reduction (64% of Sa reduction for cylindrical specimens). Under sinusoidal loading conditions with a maximum
stress of 378 MPa and a stress ratio equal to R=0.1, the mean fatigue life of electropolished dog-bone specimens was 250%

longer than that of as-built specimens.

Keywords Additive manufacturing - Electropolishing treatment - Roughness - Fatigue property - Eco-friendly treatment

1 Introduction

Additive manufacturing (AM) technologies have gained
a growing academic and industrial interest in producing
near-net-shape, complex and customisable components that
cannot be fabricated with conventional manufacturing. The
new technologies allow building a component from a CAD
model by adding material layer-by-layer. The most AM-used
methods are powder-based technologies in which a laser or
an electron beam, melts or sinters powders. The latter can
be uniformly spread on the building platform, as in selective
laser melting (SLM) [1] or electron beam melting (EBM)
[2], or can be blown out from nozzles, as in directed-energy
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deposition (DED) [3]. AM technologies used to produce
complex-shaped titanium-based parts represent an attrac-
tive alternative to the conventional ones that involve a large
amount of material waste, high cost, and long processing
time. For example, the relatively high “buy-to-fly” ratio,
defined as the ratio between the mass of raw material needed
to produce a component and the final mass, is in the order of
25:1 for aircraft components made of titanium alloys using
traditional processes. The AM technologies reduce the high
buy-to-fly ratio to (3—12):1 [4]. Several studies have been
carried out in the literature proving the potentiality of AM
technologies, and different papers were published by the
scientific community showing the advantages of layer-by-
layer manufacturing methods [5]. However, some drawbacks
can limit their applications; in fact, the AM techniques are
characterised by functional constraints that would have
to be overcome, such as manufacturing defects, high ten-
sile residual stresses, and the printed components’ surface
quality [6]. These limits involve a detrimental effect on the
mechanical performance and corrosion behaviour of the as-
built parts, precluding their applications [7-9]. A critical
issue is related to the fatigue performances of additively
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manufactured parts. Generally, lower fatigue strength and
a larger scatter in the fatigue life of AM parts are ascribed
to high surface roughness and manufacturing defects [10,
11]. Hu et al. [12] have characterised the manufacturing
defects population by X-ray micro-computed tomography,
which are essentially lacks fusion (LoF) and porosity. LoF
arises from the incomplete melting between deposited lay-
ers. While porosity or voids commonly arise from pores in
the particle feedstock, often containing trapped gases. The
defects’ nature, shape and position play a role in the fatigue
durability of the AM part [13]. LoFs are generally larger and
more irregularly shaped than porosity, making them more
critical. In any case, surface defects were more critical than
internal defects [14, 15]. The high surface roughness is due
to some effects, such as rippling, stairstep, balling and par-
tially or un-melted particles attached to the solidified part
formed during the AM process. Thus, post-processing treat-
ments are needed.

1.1 Post-processing treatments

To date, scientists have developed several surface post-
processing treatments, and different techniques have been
applied to enhance the surface characteristics of the addi-
tively manufactured components [16]. Mechanical or
chemical treatments are the most used for these purposes.
However, the former, as sandblasting or laser shot peening,
can involve deformations or tensile state on the surface and
cannot treat complex shape components, as shown by the
authors [17]; the chemical ones are performed using highly
polluting reagents [18]. Developing new methodologies
capable of overcoming these issues and ensuring effective
surface treatments is needed. In this scenario, a potential
solution can be the new electrochemical polishing (EP) treat-
ment generation [19]. Since its discovery, the EP treatment
has been performed using strong acids, such as perchloric-
acid acetic mixtures [20]. Due to explosions that occurred
during its use, the perchloric acid has been partially supplied
by a combination of concentrated acids, such as phosphoric
and sulphuric ones. Therefore, the issues related to using
acid baths in terms of handling and disposal are timely pre-
sent. In addition, the EP treatment is usually performed at
high or very low temperatures and high values of tension or
current density, affecting the cost process [21].

1.2 Acid-free electropolishing treatment: state
of the art

Few researchers are focused on investigating new acid-free
electrolytes applying “normal conditions” regarding temper-
ature and current density. In 2008, Tajima et al. [22] studied
the EP treatment performed in a safe electrolytic solution
composed of ethyl alcohol, isopropyl alcohol, aluminium
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chloride and zinc chloride on two groups of CP titanium
and its alloy, holding the temperature at 25, 30 and 35 °C but
applying high current density values in the order of kA/cm?.
Kim et al. [23] investigated the effect of adding ethanol to
an electropolishing solution ethylene glycol-based to treat a
CP2 Ti sheet, performing the treatment at 20 °C and apply-
ing 20 V. Recently, some researchers have studied the pos-
sibility of applying EP treatment to additive manufacturing
Ti6Al4V-based parts [24]. Urlea and Brailovski [25] used
the classical acid-based EP process to reduce the roughness
of SLM Ti6Al4V components characterised by variably ori-
ented surfaces. The authors highlighted an evident influence
of the building orientation adopted to fabricate the compo-
nents. Benedetti et al. [26] investigated the mechanical prop-
erties and biocompatibility of SLM Ti6Al4V ELI cylindrical
specimens built with a direction of 90° after different post-
sintering treatments. They observed that the EP treatment
improved fatigue behaviour by 14%. Wu et al. [27] studied
the effect of the classical acid-based EP on corrosion and
mechanical properties of Ti6Al4V tensile test specimens.
They revealed a gradual improvement of the ultimate tensile
stress and tensile elongation after the EP post-treatment. A
wide passivity range was observed after the electropolishing
treatment, although corrosion resistance was decreased for
over-polished parts. Pyka et al. [28] applied a combination
of chemical etching and electrochemical polishing to reduce
the roughness of the lattice structure of SLM-produced
Ti6Al4V, highlighting the need to optimise the treatment
to reduce the roughness without decreasing the mechanical
properties. Although the previous results seem to effectively
reduce the parts’ roughness and improve the mechanical
properties of additively produced parts, very pollutant elec-
trolytes are still used [24]. Therefore, the possibility of using
low environmental impact materials has to be a priority.

1.3 Aims of the research

In this view, the present paper aims to show the results of
EP treatment performed by using an eco-friendly electrolytic
solution to significantly reduce the roughness and improve
the mechanical properties of EBM-manufactured Ti6Al4V
parts. For this purpose, cylindrical-shaped and dog-bone
samples were printed and treated using electropolishing.
Compared to dog-bone samples, the cylindrical typology
was chosen due to the simpler geometry of specimens to
be treated through EP for setting the process. The as-built
and treated specimens were observed through the confocal
microscope to analyse the surface roughness and morphol-
ogy and set the proper EP treatment process parameters.
Finally, a comparative fatigue analysis was carried out on
dog-bone samples to assess the effects of the electrochemical
treatment on the mechanical performances of the Ti6Al4V
printed parts.
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2 Materials and methods

2.1 Powder characterisation and parameters
of the EBM process

Specimens used in this study were manufactured using Ti6Al4V
plasma atomized powder with spherical morphology. The spher-
ical shape contributes to improved flowability and, thus, ensures
high build rates and part accuracy [29]. The powder flow rate
measured according to ASTM B213 [30] was 25 s/50 g. Accord-
ing to ASTM B212 [31], the apparent density was 2.57 g/cm®.
As far as the particle size distribution is concerned, the percent-
age by mass of particle size in the range 45-106 um was found
equal to 93.6%, while most of the particles (62.1% of the mass)
resulted in the range 53—75 pm. The powder’s nominal chemical
composition is reported by Franchitti et al. [11]. The electron
beam melting system utilised in this study was the Arcam A2X
with embedded EBM control version 3.2 software. This system
allows solid parts to be directly manufactured from metal or
alloy powder [32]. A standard Ti6Al4V build theme for a layer
thickness of 50 um was adopted. This build theme varies elec-
tron beam parameters in a controlled sequence throughout the
build according to algorithms developed by the manufacturer
to achieve fully dense as-built parts with consistent microstruc-
ture and properties. Since the algorithm is covered by copyright,
beam current and beam speed time-dependent diagrams are hid-
den to the users. A line offset of 0.1 mm was set.

2.2 Specimens design and job preparation
Two types of specimens were realised (n° 24 cylindrical

and n° 8 dog-bone-shaped samples). Cylindrical typology
was chosen to set up the EP treatment, while the dog-bone
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shape was used to evaluate the effect of the EP process on
the fatigue behaviour of EBM-printed Ti6Al4V parts. The
samples’ geometry and dimensions are shown in Fig. 1a and
b. The samples’ orientation and location in the build cham-
ber were set using the Materialise Magics® software. In this
work, a single grow orientation was considered. In particu-
lar, the samples, both cylindrical and dog-bone specimens,
were manufactured in the z-direction growth orientations.
All the specimens were scaled according to the ARCAM
recommended scale factors to take into account the thermal
shrinkage occurring after the melting. Wafer supports were
needed in order to dissipate the heat generated by the elec-
tron beam. Circular supports were generated for each sample
with a support length of 20 mm from the start plate and a
line distance of 2 mm. The cylindrical specimens were man-
ufactured in two identical jobs of n° 12 samples for a total of
n° 24 samples. Instead, the dog-bone specimens were manu-
factured in a single job of n° 8 samples. Figure 1c shows the
location, growth direction and wafer supports of the dog-
bone specimens in the Materialise Magics environment.

2.3 Electropolishing treatment

In this investigation, a green electrolytic solution composed
of ethylene glycol (>99%), 0.5 M of NaCl and 10% vol.
of ethanol was employed to treat as-built EBM additively
manufactured parts, known to have a relatively high initial
roughness [33]. All chemical reagents have been purchased
from Merck. The EP treatment was carried out in a cell set-
up, whose scheme is reported in Fig. 2. A magnetic stirrer
was used to stir the solution, while a thermal bath was used
to control and maintain the electrolytic solution at room
temperature.

Fig.1 a Geometry of the cylindrical specimens. b Geometry of the dog-bone specimens (dimensions in mm). ¢ Job preparation for dog-bone

specimens
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Cylindrical and dog-bone-shaped samples were used as
the anode. The EP treatment was performed by imposing
a potential by a voltage generator (GEN 600-5.5, TDK-
Lambda) and recording the current density value over time.
Before and after the EP treatment, the samples were rinsed
first in ethanol and after in water. Finally, they were dried
with a compressed air stream.

As known from the literature, many parameters can influ-
ence the EP treatment [34], such as the anode—cathode dis-
tance [35], the solution stirring rate [36], the treatment time
[37], and the solution temperature [22, 38] and others. The
effects of the first three parameters have been investigated
in detail following the experimental strategy based on the
“one factor at a time” (OFAT) approach. The best condition
has been identified sequentially (from time to time) through
topographical, roughness and weight loss measurements.
Firstly, the influence of the anode—cathode distance was
investigated. A previous experimental campaign was per-
formed on flat samples in Ti6Al4V produced by the additive
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Fig.2 Cell set-up used for the EP treatment

Fig.3 Schematization of the
experimental set-up used to ana-
lyse the effect of anode—cathode
distance labelled as EP(®,) and
EP(®,) configurations

@;=35 mm

EP(®,) Configuration
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manufacturing EBM technique. It has allowed for obtaining
a good level of electropolishing by stirring the electrolytic
solution at a rate value of 1150 rpm for 60 min. The same
conditions in terms of stirring rate and treatment time have
been adopted for the electropolishing treatment to investi-
gate the influence of inter-electrode distance.

On the other hand, the geometry of the present specimens
was cylindrical; therefore, customised mesh cylindrical cath-
odes were additively manufactured using the same Ti6Al4V
powders of the specimens. Due to the complex morphology
of the specimen EBM-produced surface, the formation of
a viscous layer on the anode electrode during the EP treat-
ment and the fluid-dynamic phenomena related to the solu-
tion agitation [39], it was impossible to know a priori the
proper interelectrode distance to obtain the smoothing of
the surface. Thus, two cathodes with different diameters,
@, =35 mm and ®, =65 mm, schematically shown in Fig. 3,
and an appropriate specimen gripping system to maintain
the anode coaxial to the cathode were employed. Once fixed
the most suitable interelectrode distance, the stirring rate
influence has been investigated by setting its values at 0, 450
and 800 rpm while keeping the treatment time at 60 min to
verify if a lower stirring rate could have a beneficial effect
on the roughness reduction. Once the best stirring rate value
was established, the influence of the EP treatment time was
analysed to determine the minimum treatment time to reduce
the surface roughness by at least 50%, so the treatment time
was set at 15, 30 and 45 min. The material loss estimation
was performed by weight measurements using an analytical
balance (Sartorius 2001MP2) before and after the variations
of stirring and time treatment parameters.

2.4 Topographical and roughness analyses

The surface roughness and morphology of both the as-built
and treated cylindrical samples were analysed by confocal

SAMPLE GRIPPING SYSTEM

SPECIMEN/ANODE

_ ANODE-CATHODE
DISTANCE

—— CATHODE -

—~®,=65 mm

EP(®,) Configuration
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microscope (Leica DCM3D Scan) to estimate the effec-
tiveness of the EP process applied to EBM-manufactured
Ti6Al4V parts. A scanning area equal to 3 X3 mm was
observed with an optical lens magnification equal to X 10.
The scan strategy was set in agreement with the illustrative
sketch shown in Fig. 4.

The results have been exported to Leica Map® Soft-
ware for data post-processing. Firstly, due to the cylin-
drical shape of the specimens, the acquired surface was
levelled, and the form was removed. The waviness and
roughness components of the surface analysed were sepa-
rated through a Gauss filter, whose parameters have been
chosen according to the ISO 16610 (2015) standard [40].
Topographical analyses and roughness parameters have
been calculated using the same software, according to ISO
25178 standard [41].

Different surface parameters can be obtained from the
roughness measurements; however, as proved in the litera-
ture [42], the most significant ones that effectively evalu-
ate the EBM-printed components’ surface morphology are
as follows: S, (arithmetical mean height); S, (maximum
height); S, (root mean square height); S, (kurtosis as a
measure of the sharpness of the roughness profile); S,
(root mean square gradient); and S, (developed interfacial
area ratio). Three different samples under the same process
conditions were observed, and three different measure-
ments per sample were performed for the repeatability of
the results.

2.5 Fatigue testing

In general, the fatigue life of a component is influenced
by several factors, such as the type of material, the

Fig.4 Illustrative sketch of
scan strategy used for confo-
cal observations on cylindrical
samples to set the EP process

CONFOCAL
ANALYSIS

manufacturing process, the surface finishing, as well as
the size, orientation and type of defects [43]. Since it is
technically impossible to control all these parameters,
fatigue life is generally treated as a stochastic variable to
which, for each level of stress, a certain probability of fail-
ure can be associated by statistical tools. Consequently, a
statistical analysis of the fatigue behaviour of a material/
product requires a significant number of tests. To obtain
the Stress-Life (S—N) curve, the ASTM E739 standard [44]
suggests a minimum number of 6 to 12 specimens and a
good replication for each stress level. For this comparative
and exploratory research, a total number of 8 dog-bone
specimens for fatigue testing, compliant with the standard
ASTM EA466 [45], were prepared. After EBM manufactur-
ing, four samples were tested under as-built conditions, and
four specimens were EP-treated and then tested. Given the
small number of samples, it was decided to compare treated
and as-built samples at the same stress level to have good
statistical repeatability. All specimens were fatigue tested
under force-controlled conditions on a Zwick vibrophore
Amsler HFP 250 with a 100 kN load cell capacity. The
load consisted of a sinusoidal waveform with a maximum
stress of 378 MPa and a stress ratio (R=o,,;,\c,,.,) equal
to 0.1. Tested samples were observed by a Zeiss stereo
microscope to highlight the fracture surface morphology.
The fatigue lives for the two sets were analysed under the
classical assumption of lognormal distribution for the prob-
ability density function of the cycles to failure N, whose
equation is

py = —LH(=2)

o\ 2r
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where parameter u is the mean of the distribution, while o is
the standard deviation.

3 Results and discussion

In this section, firstly, the results from the green EP process
will be presented. Then, the results obtained from the rough-
ness analyses carried out on both the as-built and the EP-
treated cylindrical samples are reported and discussed, focus-
ing attention on the effects of the anode—cathode distance, the
solution stirring rate and the treatment time. Afterwards, the
comparative fatigue analysis outcomes on dog-bone samples
are presented to assess the effects of the EP treatment on the
mechanical performances of the Ti6Al4V printed parts.

3.1 Electropolishing process

Based on the Jacquet studies [46], recording the applied volt-
age and current density curve, it is possible to define the opti-
mal conditions for EP treatment. These conditions occur when
the current density reaches a constant value by increasing the
applied potential. Unfortunately, the limiting current density
plateau is not always easily identifiable, as demonstrated by
several researchers reported by Acquesta and Monetta [24].
Indeed, many authors have defined the EP range based on
preliminary experiments. Also, in this study, from the current
density vs potential curve depicted in Fig. 5, it is possible to
observe the lack of a typical current limiting plateau recorded
for the classic acid-based electrolyte. However, based on the
previous experimental campaign, in which the EP was per-
formed between 15 and 20 V with poor results due to the
too-low current densities recorded, a possible EP range was
identified between 20 and 25 V, in which the current densi-
ties were slightly greater than those recorded in the previous
range. Therefore, it was chosen to perform the EP treatment,
in potentiostatic mode, at the highest value of the identified
EP range (25 V) [20, 37].

The physical phenomena involved during EP treatment are
very complex due to the speed with which they occur. It was
possible to assume at the beginning of the process and apply
a potential value higher than 10 V the dissolution of the natu-
ral oxide layer on the anodic surface, according to Fushimi
[47]. The metals are well known to be covered by a natural
air-formed oxide layer when exposed to the environment. It
is possible to assume that also the as-built parts under this
exam are covered by this oxide layer. Immediately after, a yel-
low viscous layer formation [46] is easily identifiable near the
anodic surface. It could be the titanium tetrachloride (TiCl,),
as supposed by Kim et al. [23], which reported the possible
chemical reactions enveloped during the treatment.
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Fig.5 Current density vs potential curve of the cylindrical sample
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Although a very low oxygen amount is present in the
electrolytic solution, due to the natural absorption of oxy-
gen from the environment, a brown film is simultaneously
formed on the anodic surface, suggesting the formation of a
new oxide layer, as suggested by Fushimi et al. [37]

TiCl, + 2H,0 — TiO, + 4H* +4C1~ 4)

It was possible to presume the simultaneous formation of
titanium ethanolate, according to the reaction:

The titanium ethanolate is soluble in organic solvents but
hydrolyses readily, so it was possible to presume that it reacts
with the shallow amount of water following the reaction:

C¢H,,0,Ti + 2H,0 — TiO, + 4C,H,O (6)

It involves the production of titanium oxide, but what mat-
ters is that it happens far from the anode electrode. The titanium
oxide is a stable film and firmly adheres to the titanium substrate
hindering its dissolution process. As a result, to have the maxi-
mum efficiency of the EP treatment, it is essential to contain this
oxide layer formation, reducing the oxygen amount in the elec-
trolytic solution, adding a compound with lower polarity than
water or improving the stirring rate. Further, a defined stirring
rate allowed for obtaining a significant roughness reduction of
the as-built parts, as shown in the following paragraphs.



The International Journal of Advanced Manufacturing Technology

Therefore, the chemical analyses in progress will be help-
ful in understanding which chemical reactions are involved
in the process.

3.2 Topographical and roughness measurements

This section presents the results obtained from topographical
and roughness analyses through confocal microscopy.

3.3 Influence of anode-cathode distance

The beneficial effects of the reduced anode—cathode distance
are visible from the topography of the as-built and EP speci-
mens treated using the two kinds of cathodes (®, and ®,)
depicted in Fig. 6.

The contour colour scale from Fig. 6 shows that the
cathode typologies used during the EP process make the
surface smoother than the as-built case. Take note that
the images’ colour scale is different to better visualise the
different surface morphologies of the investigated sam-
ples. However, the smoothing capacity of the EP treatment
has been quantified through the surface parameters from
roughness measurements results reported in Table 1.

It may be noticed that relatively high surface roughness val-
ues characterise the as-built specimen, as proved in literature
for EBM-printed components [48]; moreover, the relatively
high values of both Kurtosis, S,,,, and root mean square gradi-
ent, S,,, parameters indicate a very rough surface with sharp

AS-BUILT

peaks. An interesting parameter is S, which is equal to 144%
in the case analysed. That means an additional surface area
(12.96 mm?), due to the pronounced roughness, compared to
the planar definition area (9 mm?). Reduced surface rough-
ness parameters were found for both EP specimens reported
in Table 1. In particular, the best result was obtained for the
EP(®,) configuration characterised by a smaller distance
between the anode and the cathode. More in detail, it can be
seen that a reduction of S, of about 64% was estimated with
the more levelled treated surface (see the reduced S, value for
EP(®,)) characterised by more rounded peaks. In this case,
the developed area is equal to 15.7%, lower than the value
measured for EP(®,) and as-built specimens. The main result
of this analysis is that the reduced distance between the anode
and cathode during the EP process has beneficial effects on
the roughness: the smaller cathode (@, =35 mm) is enough to
promote the effects of the electropolishing treatment, and thus
it has been adopted for the following analysis.

3.4 Influence of stirring rate

The influence of the solution stirring rate was analysed
based on the previous results. In Fig. 7, the surface topog-
raphy of the EP specimens treated by varying the stirring
solution rate is reported.

By looking at the contour colour scale in Fig. 7, it can
be seen that all the surfaces after the EP treatment appear

D,=65 mm

300

150

100

50

Fig.6 Surface topography of metal surface: a as-built specimen, b EP-treated specimen with @, =35 mm, ¢ EP-treated specimen with
@, =65 mm. For both the treated specimens: stirring rate = 1150 rpm, treatment time =60 min

Table 1 Surface parameters

S, S S S [— S, [— S, 1%
from roughness measurements a tum]  [pm] g tum] w7 a L] ar 1%
for as-built specimen and As-built  50.9+5.6 489+46.9 64.6+5.5 3.38+04 3.45+0.6 144152
EP-treated specimens with EP@®) 18308 148477  228+12 285402  089+0.1 15.740.8
@, =35 mm and ®,=65 mm

EP(®,) 35.6+1.8 300+13.9 44.4+2.4 299403 2.86+0.2 93.1+5.1
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smoother than those as-built specimens (Fig. 6a); moreover,
the best result is reached when the solution stirring rate is
equal to 1150 rpm (Fig. 7d). More details on the effects of this
EP process parameter can be found by considering the data
reported in Table 2.

It can be noticed that all the surface roughness parameters are
smaller than the as-built ones. On the other hand, moving from 0
to 450 rpm, the treatment effectiveness slowly reduces (namely,
the surface parameters increase), and this reduction seems to be
more prominent, moving towards 800 rpm. However, a higher
stirring rate reverses the direction, recording the lowest rough-
ness value. This effect could be due to many causes. They can be
related to (i) the viscous layer presence and its thickness, which
certainly change with the stirring rate; (ii) the oxygen dissolution

through the viscous layer, from which the surface passivation
depends; (iii) the complex fluid-dynamic phenomena concern-
ing diffusive and convective fluxes of dissolved and formed
substances; and (iv) the modification morphology surface, as
exhibited by specimens treated fixing a stirring rate of 800 rpm.
Its S,,, value was higher than 26% of the as-built specimen. This
means that sharper peaks characterise the surface. Additional
analyses are needed to investigate the aspects above-mentioned.

3.5 Influence of duration time treatment
The suitable EP conditions derived from the above anal-

yses (@, =35 mm, rpm=1150) were used to analyse the
influence of the EP treatment time on the topography and

Fig.7 Surface topography of EP specimens treated by varying the solution stirring rate: a rpm=0, b rpm=450, ¢ rpm =800, d rpm=1150

from roughness mesamrements Slwmd  Seml Sl Swll Sul S0

by varying the solution stirring As-built 509456  489+46.9 64.6+5.5 3.38+0.4 3.45+0.6 1444152

rate Rpm=0 22.0+0.9 19185 277421 296403  1.10+0.1 18.8+0.9
Rpm=450  239+1.1  237+126  284+17  325+05 197403 446423
Rpm=800  27.1+17  338+164  337+19 429406  3.05+05 775+33
Rpm=1150  18.3+0.8 148+7.7  228+12  285+02  0.89+0.1 157+0.8
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surface roughness of the 3D-printed specimens. In particu-
lar, lower values than 60 min were considered by stopping
the EP process after 15, 30 and 45 min. The topographical
results obtained from the confocal microscopy are reported
in Fig. 8.

By observing the surface topography and the contour
colour scale of Fig. 8, it is clear that with the increase of
the treatment time, the surface of the metallic specimens
becomes smoother with more rounded and less sharp peaks.
However, the smoothing capacity of the treatment was quan-
tified through the surface parameters from the roughness
measurements reported in Table 3.

From the data reported in Table 3, a slight reduction
of the surface roughness can be seen moving from 15 to
30 min. More improvement was observed when the treat-
ment time was set to 45 min (S, reduced by about 17% com-
pared to 30 min) or 60 min (S, reduced furtherly by about

pm

TREATMENT TIME
15 MINUTES

150

100

TREATMENT TIME
45 MINUTES

Fig.8 Surface topography of metal surface for different treatment times:

18% compared to 45 min). The results in Table 3 prove that
the minimum time to obtain a roughness reduction of 50%
is 15 min. On the other hand, a treatment duration of 60 min
allowed to obtain a roughness reduction of about 64%.

3.6 Weight loss measurements

The weight loss measurements have confirmed the rough-
ness results. The trends are shown in Fig. 9.

Regarding the stirring rate influence, it can be seen
from Fig. 9a that the lack of agitation involves the highest
weight loss due to the excessive attack on the free surface
of the specimen; this phenomenon allows for obtaining the
tungsten tips [49]. The weight loss is reduced, increasing
the stirring rate, and reaching the lowest value for a stir-
ring rate of 1150 rpm, due to a more homogeneous and
contained dissolution process performed at current density

—

REATMENT TIME
0 MINUTES

@

100

TREATMENT TIME M
60 MINUTES \

(oN
N\

B

a 15 min, b 30 min, ¢ 45 min, d 60 min

Table 3 Surface parameters

from roughness measurements Treat. time [min] S, [pm] . [uml S [pm] St [~ Say [~ Sar 1]

for different treatment times 0 (As-built) 509+5.6  489+469  64.6+55 338+04  345x06 144+15.2
15 275+1.8  241+132 346426 293+03  2.82+02 106 +£5.7
30 273421  224+120 344421 296+02 229+03  66.7+4.1
45 225+1.3  186+94  285+17  339+08  1.78+02  40.1+24
60 183+0.8  148+7.7  228+12 2.85+02  0.89+0.1  15.7+0.8
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values lower than recorded without agitation. Concerning
the treatment time influence, as expected, longer treatment
time leads to higher weight loss (Fig. 9b). Although a long
treatment time may suggest a substantial weight loss, the
material reduction after 60 min is 4.2%. This relatively
low value of material loss compared to the high value of
roughness reduction leads the authors to consider this time
the best condition for an effective EP treatment.

In conclusion, based on the above results, a cathode
with a diameter of 35 mm, a stirring rate of 1150 rpm, a
treatment time of 60 min, and a potential of 25 V are the
parameters’ values adopted to polish the dog-bone speci-
mens before being mechanically tested. A representative

Treatment time: 60 min

14

Weight loss [%]

‘] e

T T T T T T
0 200 400 600 800 1000

Stirring rate [rpm]

1200 Q)

picture of dog-bone specimens before and after the EP
treatment is shown in Fig. 10.

3.7 Fatigue results

The dog-bone samples for fatigue have been grouped in two
sets labelled as (i) Z-as built, for post-printing status speci-
mens; (ii) Z-EP, for electropolished specimens. The elec-
tropolished samples always showed longer fatigue lives than
the as-built samples. The experimental cycles to failure are
summarised in Table 4, where for each set, the values of the
mean and standard deviation of the logarithmic values of the
cycles to failure are also reported.

Stirring rate: 1150 rpm
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Fig.9 Measurements of material loss during the EP process by varying a the agitation rate of the solution at a fixed time and b the treatment

time at a fixed stirring rate

Fig. 10 Pictures of dog-bone
samples a before and b after
the EP treatment (®, =35 mm,
rpm = 1150, treatment

time =60 min, room tempera-
ture, potential =25 V)
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The mean lifetime of treated and as-built samples is
164779 and 46,515 cycles, respectively. The mean lifetime
of treated samples was 250% longer than the mean lifetime
of as-built samples. The means of the Z_EP and Z_as-built
log-normal distribution are 5.1729 and 4.6550, respectively.
In order to verify that the two distributions really have two
statistically different means, the Student ¢-test was per-
formed. The null hypothesis is that the means reported in
Table 4 are the same. The independent -test, with a 95%
confidence interval, demonstrated that the two means are
significantly different, t(6)= —4.15744, p=0.005961. Based
on these considerations, the fatigue behaviour of EP samples
is significantly better than as-built samples.

In Fig. 11a, the cycles to failure of the electropolished and
the as-built samples are plotted with the respective probabil-
ity density functions by adopting the lognormal distribution
given in Eq. 1. It is pointed out that at lower stress levels not
investigated in this paper, the improved fatigue behaviour of
the EP specimens with respect to the as-built is expected to

Table 4 Summary of fatigue testing results at 378 MPa

Sample ID Cycles to failure Mean (p) SD (o)
Z1_as-built 53,527 4.6550 0.12451
72 _as-built 43,917
7.3_as-built 30,523
Z4_as-built 58,096
Z1_EP 124,064 5.1729 0.21579
72_EP 95,021
Z3_EP 138,065
74_EP 301,967
382 To— 40
‘ P
s 130
_ r
& 380 / \ 420
g .
2 ;
2 / ! bs
p /
8 378+ et O—CD® Ve —-— 400
O As-built samples
— - =Prob. density function As-built 1-10
& EP samples
——— Prob. density function EP
376 —rrrry 20
10° 10° 10°
Cycles to failure
a)

increase. In fact, it is known in the literature [50] that a better
surface finishing has a beneficial effect of lowering the fatigue
limit so that, approaching such a strength level, the electropo-
lished specimens might not fail at all or exhibit a much longer
fatigue life than the as-built ones. A qualitative example of
this trend is shown in Fig. 11b, where a non-linear model [51]
was used to interpolate the fatigue results over a wider stress
range, assuming equal tensile strength UTS =1100 MPa and
different fatigue limits for the two sets. Based on this interpo-
lation, at 250 MPa, a life of about 5x 10° cycles is expected
for as-built samples, while an average life of more than 1x 107
cycles is expected for EP treated.

Figure 12a shows the typical fracture surface of the as-
built specimens. A layer of satellite dust, i.e. partially melted
powders joined to the sample’s outer surface [52], which
contributes to the roughness, is clearly visible. More than
one fatigue crack initiation site can be detected. The dotted
red line in the Fig. highlights the main fracture initiation
sites. Higher magnification of the fatigue initiation site for
the as-built and electropolished samples is shown in Fig. 12b
and c, respectively. Compared to the as-built, the EP-treated
fracture surface has no satellites and is characterised by a
single fatigue crack nucleation site (Fig. 12c).

4 Conclusions

This research activity investigated the effect of the elec-
tropolishing treatment using an eco-friendly electrolytic
solution on the fatigue properties of Ti6Al4V specimens
produced by electron beam melting technology. The eco-
friendly electropolishing treatment was initially studied
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Fig. 11 Comparison of the two experimental data sets in terms of: a cycles to failure and probability density function, b expected S-N curves

interpolating the fatigue results
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1 mm

2mm

1 mm

Fig. 12 a Fracture surface of the as-built sample with multiple fatigue crack initiation sites; magnified fatigue initiation site in b as-built and ¢

electropolished sample

using cylindrical specimens. In order to obtain a smoothing
of the surface, three parameters have been investigated: the
interelectrode distance, the stirring rate and the treatment
time. The results were evaluated through topographical,
roughness and weight loss measurements. The best condi-
tion obtained with cylindrical samples was adopted to elec-
tropolish the dog-bone samples, on which a comparative
fatigue analysis was carried out. Based on the outcomes
presented and discussed in the previous sections, the fol-
lowing conclusions can be drawn:

e The proposed eco-friendly electrochemical treatment
was proved to be a feasible process to reduce the roughness
of EBM Ti6Al4V printed parts;

e A proper cathode geometry allowed a more uniform
treatment, and an interelectrode distance of 3.5 cm was
enough to have beneficial effects on the roughness;

o A high stirring rate improves the roughness reduction. The
best result was reached when the solution stirring rate was set
to 1150 rpm, as also proved by the weight loss measurements;

e With the increase in the treatment time, the surface
of the specimens was proved to be smoother, with more
rounded and less sharp peaks. However, the results proved
that the minimum time to obtain a roughness reduction
of 50% is 15 min, while the treatment duration of 60 min
allowed to obtain a roughness reduction of about 64%, with
a relatively low weight loss of 4.2%;

e The fatigue analysis showed that the mean lifetime
of treated samples is 250% longer than the mean life-
time of as-built samples under the same stress conditions
(Spax =378 MPa; R=0.1). The EP-treated ones had no par-
tially melted particles attached to the surface, and only a sin-
gle fatigue crack nucleation site was detected. This proved
the effectiveness of the eco-friendly EP treatment on fatigue
properties of EBM Ti6Al4V printed parts.
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