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Abstract. The use of additively manufactured (AM) nickel-titanium (NiTi) alloys in biomedical
applications is gaining increasing attention due to their unique properties, such as the shape
memory effect (SME) and superelasticity (SE). Given the stringent requirements for surface
quality and corrosion resistance in biomedical products, electrochemical polishing (EP) emerges
as a promising surface finishing technique. However, to date, most research studies have focused
on EP as a finishing method for conventionally fabricated NiTi parts, with process parameters
optimized for wrought Nitinol components. This study aims to bridge this gap by determining the
optimal EP time to improve the surface finish of AM martensitic NiTi cylinders and evaluating
the impact of different process conditions on their corrosion resistance. The results indicate that
increasing EP time enhances surface roughness up to a certain threshold, beyond which further
improvement becomes inefficient. Similarly, corrosion resistance improves with smoother
surfaces, but this effect also plateaus beyond a certain point.

Introduction

The combination of superelasticity (SE) and shape memory effect (SME) [1], along with the
advancements in additive manufacturing (AM) technologies, makes Nitinol (NiTi) an
exceptionally promising material for the biomedical industry. Currently, NiTi is widely used in
the production of cardiovascular, orthopedic, and orthodontic implants [2] due to its unique
mechanical properties, specifically SE and SME, and its ability to form a predominantly titanium
oxide (TiO:) layer on its surface. This oxide layer significantly enhances the material's
biocompatibility [3]. AM further enhances manufacturing processes by enabling the creation of
complex geometries and reducing the time to market for customized, patient-specific components.
Among AM techniques, laser powder bed fusion (LPBF) stands out for its ability to produce nearly
fully dense components from various metals. However, LPBF faces challenges in achieving high-
quality outputs. LBPF parts are usually characterized by a reduced surface finish as a consequence
of surface imperfections resulting from the layer-by-layer solidification process, which can lead to
partially melted particles and porosities [4]. Consequently, LPBF parts frequently require
additional post-processing to meet the stringent quality standards of high-end industries such as
the biomedical sector [5]. Traditional finishing methods, like milling and grinding, are commonly
employed but may be inadequate for components with intricate geometries. Contrarily, EP is an
effective method for finishing AM components, irrespective of their geometry, since it does not
require surface access by cutting tools [6]. In [7], Fayazfar et al. employed EP to finish LPBF
Ti6Al4V ELI hollowed structures exhibiting disparate geometrical configurations, including
rectangular, cylindrical, and U-shapes. Following 350 seconds of EP on the internal surface of the
cylindrical sample, a maximum reduction of 77% in Sa was observed compared to the as-built
condition. Similarly, Dong et al. [8] investigated the impact of a post-processing procedure
involving etching and, subsequently, EP on the internal and external roughness Ra of a direct metal
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laser sintering (DMLS) Ti6Al4V lattice structure. It was found that EP can improve the quality of
the inner surfaces of lattice structures, achieving an average Ra improvement of up to 50% over
the as-built condition. Moreover, it was observed that the relative position between the target
surface and the cathode can significantly impact the quality of the finishing process. The outer
surfaces are more susceptible to the process than the inner ones, which are closer and more exposed
to the cathode itself. Furthermore, some studies suggested that the corrosion resistance of EP parts
can be improved, making this process particularly well-suited for biomedical applications. During
the EP process, the naturally occurring passive layer on the anode surface is initially disrupted but
subsequently re-formed into a thicker and more stable oxide layer through ion exchange
mechanisms within the electrolyte [9]. Additionally, EP can impart a unique surface texture, which
may play a critical role in determining the corrosion behavior of the surface. In their investigation
into cryogenic machining operations on electron beam melted (EBM) Ti6Al4V, Bertolini et al.
[10] identified a potential correlation between the surface defects of the machined surfaces and
their corrosion resistance. Similarly, Yu et al. [11] suggested that improving the surface roughness
of chemically polished LPBF NiTi samples could enhance corrosion resistance by reducing the
number of sites along the surface that are susceptible to electrochemical reactions. To date, studies
investigating the effectiveness of the EP treatment on NiTi have primarily focused on parts
manufactured via conventional techniques. In their study, Wang et al. [12] investigated the
suitability of different electrolyte compositions for the application of the EP treatment on NiTi
pipes. Following the optimization of the process parameters, a surface roughness of 40.7 nm was
attained. Similarly, Ji et al. [13] proposed an optimized electrochemical polishing (EP) treatment
for surface finishing of NiTi tubes, focusing on electrolyte composition, EP duration, electrolyte
temperature, and current density. A minimal average surface roughness of 48.6 nm was achieved.
Given the limited scientific literature on this topic, this paper aims to explore the potential of EP
in improving the surface quality and corrosion resistance of martensitic NiTi samples produced
via AM. Initially, cylindrical samples were fabricated using the LPBF technique. Subsequently,
the EP process was performed under varying durations, with the procedure repeated twice under
identical conditions. Surface finish assessments were conducted at different stages of the
experimental campaign using optical profilometry and scanning electron microscopy.
Furthermore, corrosion tests were carried out in a saline solution to evaluate the corrosion
resistance of surfaces treated with EP under different experimental parameters.

Principle of electrochemical polishing

EP is a surface-finishing process based on anodic dissolution. In an electrolytic cell, the workpiece
(anode) is connected to the positive pole, while the tool (cathode) is connected to the negative pole,
and both are immersed in an electrolyte. By applying a potential between the electrodes, material
removal occurs, driven by current density, which represents the rate of ion transfer from the
workpiece into the electrolyte. The efficiency of the process depends on parameters such as applied
voltage, electrolyte composition and temperature, and electrode distance. The dissolution process
was initially delineated by Jaquet [6] through the utilization of a current density—voltage curve, as
illustrated in Fig. la. This curve, which characterizes the dissolution process of various metallic
materials, consists of four distinct regions: etching, passivating, limiting current plateau, and gas
evolution. Each region corresponds to a specific dissolution phenomenon occurring on the anodic
surface. At lower applied potentials, the current density increases, and localized pitting may
develop on the surface, marking the etching region. As the voltage rises, the current density
decreases slightly, transitioning into the passivating region, where a protective oxide layer forms
on the workpiece. With further increases in potential, the process enters the limiting current plateau
region, where the current density remains constant despite higher applied voltages. This stability
is attributed to the oxide layer, which regulates ion flow through the electrolyte. The EP process
typically occurs within this region. Finally, in the gas evolution region, the current density
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increases rapidly due to oxygen evolution on the surface. This can lead to pitting and the
breakdown of the oxide layer, compromising the surface integrity. One explanation for the
polishing effect is the viscous film theory [14], also proposed by Jacquet, which attributes surface
smoothening to the formation of a high-resistance viscous layer near the anode that selectively
dissolves surface asperities. Specifically, the dissolution products create a film on the anode
surface that limits mass transport due to its high electrical resistance. Following the theory, this
film has a flat surface but uneven thickness across the workpiece (Fig. 1b), being thinner on peaks
and thicker in valleys. This results in local potential differences on the anode surface, with higher
potentials at peaks and lower potentials in valleys, inducing different dissolution rates. The
protruding material is removed faster, leading to surface smoothing. Once the surface is fully
smoothed (Fig. 1c), the polishing effect becomes negligible as potential micro-differences are
eliminated, and the material is uniformly removed.
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Figure I — (a) Current density-voltage curve [6]; schematic representation of the viscous film
theory at the beginning (b) and at the end (c) of EP.

Laser Powder Bed Fusion
Martensitic NiTi was supplied from ECKART TLS™ as pre-alloyed spherical powders
comprising 50.1% Ti and 49.9% Ni in atomic percentage. The poweder characteristics are reported
in Table 1, according to the supplier. The MySynt™ 100 LPBF machine (Sisma, Italy),
characterized by a build volume of 780 cm?, a laser unit with a maximum power of 200 W and a
spot diameter of 30 pm, was used to fabricate cylindrical NiTi components.

Table 1 — Main characteristics of the martensitic NiTi powders

Impurities (due to the production process)

Powder Diameter (um) .
Composition n Carbon C Oxygen O Nitrogen N
(wt%) (Wt%) (wt%)
Tiso.1 Nisg.o 15-45 0.005 0.028 0.001

Martensitic NiTi cylinders were printed vertically, namely with the axis parallel to the building
direction (BD), as shown in Fig. 2a, and fabricated using a laser power of 70 W, a scan speed of
1100 mm/s, a hatch distance of 0.06 mm and a layer thickness of 0.025 mm, according to [15].
The microstructure of the lateral surface of the cylinders was analyzed since it is the surface that
will be subjected to the EP process. To this aim, a piece of material was cut from one printed
cylinder and subsequently embedded into an epoxy resin. Afterward, the surface of the sample was
mechanically polished using a Metkon Forcipol™ 102 up to 4000 grit sandpaper and finally mirror
polished using a solution consisting of 2/3 volume of alkaline silica suspension with a particle size
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of 0.2 um and 1/3 volume of 30% hydrogen peroxide applied to a special perforated cloth.
Following polishing, the microstructure was etched for 35 seconds with a specific etchant designed
to reveal the microstructure through a color etching approach. This approach involves using
polarized light from a microscope to distinguish between the different grain orientations [16]. The
employed etchant had the following composition: 3 mL HCI, 5 g K»S,0s, 0.4 g NH4HF>, and 24
mL H>O. Subsequently, the material's microstructure was analyzed through a Leica™ DMR
optical microscope equipped with Zeiss AxioCam™ ERc5s and polarization filters. The
microstructure is illustrated in Fig. 2b, where the columnar grains oriented towards the BD
direction are visible. Following the ASTM E112-113 (2021) standard, the grain average
dimensions were calculated, resulting in a length of 150 £ 20 um and a height of 65 £ 16 um.

(@)

N
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3

Figure 2 — (a) LPBF NiTi cylinder and (b) microstructure of its lateral surface from optical
microscopy.

Electrochemical Polishing

The EP experiments were carried out using a Remet™ Pulitrol electrolytic polisher, which has an
adjustable voltage in the range 0 - 100 V and a digital display that allows the process time and
cycle to be set and shows the ionic current circulating in the electrolytic cell. The electrolytic cell
consists of a 500 mL StonyLab™ double-bottomed becker that makes a secondary fluid (water in
an ice bath) circulate through the secondary chamber and surround the electrolyte inside the
primary chamber where the process takes place, to dissipate the heat generated during the process
and maintain the target temperature, measured with a thermometer. The electrolytic cell is
completed with a 40 mm cylindrical platinum mesh cathode (AMEL s.r.1., Italy), connected to the
negative pole, and 500 ml of the chosen electrolyte (composition: 60 cc of perchloric acid (CIHO4,
70%, P.S. 1.67), 590 cc of alcohol (CoHsOH) and 350 cc of cellosolve 2-butoxyethanol
(C6H1203)). The anode, which closes the open circuit, is the workpiece material connected to the
positive pole and immersed in the solution along the cathode axis, thus fixing a cathode-anode
distance of 15.5 mm. Finally, an IKA™ RCT basic magnetic stirrer is present to maintain the
electrolyte agitation. The scheme of the EP setup is shown in Fig. 3.

Niti cylindrical
sample (anode)

Cylindrical =) Water out - E:
platinum mesh '
(cathode) Double bottom becker
Water in ==,

Magnetic Stirrer

Electrolyte

Figure 3 — Scheme of the EP setup.
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Following the theoretical voltage-current density curve [14], a preliminary investigation was
conducted to fix a set of EP thermoelectric parameters, namely the applied voltage (V), the initial
electrolyte temperature (To), and the current density (I), which allowed a sensible reduction of the
surface roughness of the as-built samples. Afterward, in the main experimental campaign, only the
time (t) the sample was exposed to the electrolyte was varied [17]. In addition, the influence of
multiple finishing iterations on a single pre-electropolished surface was also explored. The
parameters of the final EP campaign are listed in Table 2, with the thermoelectrical ones derived
from the preliminary one. All tests were performed on a surface area of 3.5 + 0.5 cm?, which was
extracted by dividing an original NiTi cylinder into four smaller equivalent cylindrical samples,
with an electrolyte agitation of 500 rpm. The processing time was set between a minimum of 4
minutes and a maximum of 12 minutes, with each sample undergoing a second iteration after the
respective initial iteration with the same parameter configuration. The letters "A" and "B" indicate
the first and second iteration, respectively.

Table 2 — Experimental plan of the EP trials.

Sample ID 1A 1B 2A 2B 3A 3B 4A 4B
Process time t (10) + (12) +
(min) 4 @ +4 7 (7H+7 10 10 12 12
Applied voltage V
25+£2.5
M
Initial electrolyte
temperature To 8.0£0.3
(&(®)
Current density I
(Alem?) 0.27+£0.09

Surface Texture Characterization

To analyze the topography of the target surfaces at the different stages of the campaign, the 3D
optical profilometer Sensofar™ PLu-Neox with a x 20 Nikon™ confocal objective was employed,
capturing three 1 mm x 1 mm images from the surface of each sample. After applying a form
removal to the 3D dataset to eliminate shape effects, data processing and filtering were conducted
following the ISO 16610-61 standard, adopting a smoothing filter As equal to 0.025 mm and a cut-
off A equal to 0.8 mm. The texture parameter considered in this study is the arithmetic mean height
(Sa), defined by ISO 25178, which is the most commonly used parameter to assess surface
roughness. Along with the topography analysis, the morphology of both as-built and EP samples’
surfaces was detected with the FEI™ QUANTA 450 Scanning Electron Microscope (SEM).

Corrosion Behavior Evaluation

Corrosion testing was performed using an Amel™ 2551 potentiostat with a standard three-
electrode cell on all four samples after the second iteration (B). The reference electrode was an
Ag/AgCl saturated electrode inserted in a Luggin capillary, two platinum electrodes served as the
counter electrode, and the working electrode (WE) consisted of the electropolished NiTi samples.
The electrolyte under consideration was a 0.9% saline solution (NaCl), maintained at room
temperature (23.0 = 0.5°C). To reach equilibrium, each sample was kept in the solution for one
hour under open circuit potential (OCP). Consequently, potentiodynamic polarization
measurements were conducted using a potential range of -1000 mV to 1000 mV and a scan rate of
1 mV/s. Subsequently, the corrosion potential (Ecorr) and corrosion current density (Icorwr) Were
evaluated from the polarization curves, with the latter determined through the Tafel extrapolation.
The former provides an indication of the degree of electrochemical activity on the tested surface,
while the latter represents the rate of ion exchange between the surface and the solution. A lower
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Ecorr indicates a material with reduced resistance to corrosion, while a lower Leorr indicates enhanced
resistance [11].

Results

Surfaces Topography and Morphology. Fig. 4 shows the topographies of the samples before and
after EP, using the same z-scale to facilitate the evaluation of differences at various stages of the
experimental campaign.

Sample 1 Sample 2 Sample 3 Sample 4

<

Z um

As-built
mi
m
m
m

— 100

First Iteration A

Second Iteration B

1 1 | X

Figure 4 — Topographies of the surfaces in the as-built condition and during the different EP
stages.

The as-built topographies of all LPBF samples, depicted in the first row of Fig. 4, exhibit a
rough surface finish with a Sa value of approx. 5.95 + 0.31 um. These topographies show a non-
uniform surface with a pronounced predominance of peaks, primarily attributed to the presence of
partially melted particles embedded on the surface and an uneven plane resulting from the melt
pools formed during laser scanning. This surface texture is characteristic of the LPBF process, as
reported in [18]. Further evidence of this is provided in Fig. 6, which displays SEM images of the
samples' surfaces in their as-built condition. The second row of Fig. 4, illustrating the resulting
surface topographies after the initial EP iteration (A), demonstrates that a single EP process
effectively reduces the Sa value by leveling asperities and smoothing the surface. The effectiveness
of this process appears to increase with longer EP times; however, it becomes evident that
roughness cannot be reduced beyond a certain threshold. The third row of Fig. 4 shows the final
topographies after the second EP iteration (B). From these images, it can be observed that the
second iteration was particularly effective for Samples 1A and 2A, while showing limited
effectiveness for Samples 3A and 4A. Notably, the topography of Sample 1A, which initially
exhibited significant inhomogeneity, showed substantial improvement after the second iteration.
In contrast, the topography of Sample 4A exhibited minimal changes compared to Sample 4B.
These results indicate that the effectiveness of a second EP iteration depends on the EP duration
applied during the first iteration.
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F igure 5-— (a) Average Sa values before and after EP. (b) Percentage reduction in Sa compared
to the as-built condition, highlighting the contribution of each iteration.

Fig. 5a illustrates the Sa values before and after various stages of EP, while Fig. 5b shows the
overall percentage reduction in Sa compared to the as-built conditions, emphasizing the
contribution of each iteration (A and B). After iteration A, the process efficiency is observed to
improve with increasing EP time, but a threshold is noticeable when the EP time reaches 10
minutes. After 4 minutes of EP, Sample 1A exhibited the smallest reduction in Sa, achieving a
surface roughness of 2.61 = 0.02 pm, corresponding to a minimum reduction of 56%. In contrast,
the greatest reduction in Sa, e.g., 94%, was observed in Sample 3A after 10 minutes of EP, with a
resulting Sa value of 0.37 &+ 0.04 um. With an EP time of 12 minutes, Sample 4A showed a 92%
reduction in Sa, yielding a surface roughness of 0.49 + 0.02 um.
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Figure 6 — SEM images of the as-built and EP-treated surfaces.

All samples showed an improvement in surface quality after the second iteration (B). For
instance, Sample 1B, following an additional EP time of 4 minutes, achieved a total Sa reduction
of 81% compared to the as-built condition, with a Sa value of 1.15 + 0.08 um. Iteration B
contributed 25% to the final Sa reduction for this sample (see Fig. 5b). In contrast, for Sample 3B,
an additional EP time of 10 minutes during iteration B (resulting in a total EP time of 20 minutes)
contributed only to a 2% reduction in Sa. This brought the total Sa reduction to 96% compared to
the as-built condition, with a Sa value 0of 0.26 + 0.01 um. Similarly, Sample 4B, which underwent
a total EP time of 24 minutes (12 minutes in iteration B), achieved a global Sa reduction of 97%,
resulting in a Sa value of 0.15 = 0.01 um. In this case, iteration B accounted for an additional 6%
reduction in surface roughness. This behavior can be attributed to the substantial smoothing of
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surface textures that occurs during iteration A. This smoothing results in a uniform distribution of
the viscous layer thickness and a leveled potential distribution [19], ultimately limiting the
efficiency of the EP process in subsequent iterations. A general analysis of the results, expressed
as the percentage reduction in surface roughness under all EP time conditions, shows that the first
iteration has the most significant impact on overall surface improvement during the EP treatment.
This greatly reduces the efficacy of subsequent iterations. This conclusion is supported by a
comparative analysis of the surface roughness results for Sample 2B, which achieved a global Sa
reduction of 85% from the as-built condition after a total EP time of 14 minutes, compared to
Samples 3A and 4A, which underwent 10 and 12 minutes of EP, respectively, during the first
iteration only (Fig. 5b). Samples 3A and 4A achieved Sa reductions of 94% and 92% from the as-
built condition, respectively. These findings suggest that within the limiting current plateau stage,
the initial surface texture plays a critical role in determining the efficiency of the EP process. Fig.
6 presents SEM images illustrating the surface characteristics before and after the second iteration
of EP. The effectiveness of the EP technique in treating as-built surfaces is confirmed by the
successful removal of defects typical of LPBF. In all experimental conditions, most adhered
particles were eliminated, resulting in smoother surfaces. However, residual partially melted
metallic particles are visible on the surfaces of Samples 1 and 2, which exhibit higher roughness
compared to Samples 3 and 4. The latter samples display pores originating from the LPBF process.

Corrosion Testing. Fig. 7 reports the polarization curves for the samples after the second

iteration while corrosion parameters are summarized in Table 3.
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Figure 7 — Potentiodynamic polarization curves for the NiTi samples after the second iteration.

Fig. 7 illustrates that moving from Sample 1A to Sample 4B, the curve shifts toward positive
values. It can be observed that the corrosion potential becomes less negative, starting with Sample
1B, characterized by an Ecorr 0f -0.72 V, and reaching the highest value of -0.45 V for Sample 4B.
This indicates a gradual reduction in the degree of electrochemical reactivity across the samples.
Similarly, the corrosion current density decreases progressively, with the highest value recorded
for Sample 1B and the lowest for Sample 4B. This trend can be attributed to the surface finish
achieved after the EP treatment. A smoother surface generally results in better corrosion
performance. High Sa values indicate the presence of surface irregularities and discrepancies
between peaks and valleys, which reduce corrosion resistance by promoting corrosion mechanisms
as a consequence of an increment of the area subjected to electrochemical reactions. Additionally,
a threshold exists regarding the influence of Sa on electrochemical corrosion parameters. For
instance, the Ecorr and Ieorr values for Samples 3B and 4B are not significantly different, as shown
in Table 3, despite a slight difference in their surface roughness values. Sample 3B has a Sa value
of 0.26 £ 0.01 um, while Sample 4B has a value of 0.15 £ 0.01 pum, indicating a divergence in
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surface quality. This suggests that, beyond a certain Sa threshold, corrosion resistance may become
independent of surface roughness, with other factors—such as the stability of the passive layer—
playing a more significant role. This observation is particularly relevant for NiTi alloys.

Table 3 — Corrosion parameters derived from the polarization curves of Fig. 7.

Sample ID Ecorr (V) Leorr (A/cm?)
1B -0.72 4.46 x 10°
2B -0.6 1.05 x 107
3B -0.47 5.59 x 108
4B -0.45 499 x 108
Conclusions

This study investigated the effect of electrochemical polishing treatment on LPBF NiTi samples
in terms of surface roughness, surface defects, and corrosion resistance. Specifically, the influence
of varying EP process times and repeated iterations on the as-built surfaces was analyzed. The key
findings are as follows:

e Increasing EP time positively impacts the reduction of surface roughness in LPBF NiTi
samples. However, a threshold of approximately 10 minutes of treatment appears to exist,
beyond which the process's effectiveness becomes limited. The effectiveness of a second
EP iteration on a pre-EP treated surface appears to be directly influenced by the initial
surface finish, which is determined by the processing time applied in the previous iteration.
It is evident that the longer the EP time used in the initial iteration, the less pronounced the
effect of the subsequent EP iteration.

e The typical defects present on LPBF NiTi as-built components are significantly affected
by the electrochemical treatment. Most of the partially melted particles embedded on the
surface are removed even with the shortest EP time. As EP time increases, unmelted
particles are completely removed; however, porosities created during the LPBF process
become exposed on the surface.

e Corrosion resistance improved with increasing surface finish; however, beyond a certain
threshold, surface roughness no longer significantly influenced corrosion resistance.

Future research directions include investigating the influence of EP on the microstructure of
NiTi components and further exploring the relationship between the EP process and the material's
surface integrity and shape memory response.
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