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For the biomedical application of NiTi alloys, an excellent surface finishing process is required to
guarantee high corrosion resistance and biocompatibility, eliminating the allergenic and toxic effects
associated with the release of nickel ions in the body. Electropolishing is a process that can reduce
surface imperfections and form a thin protective layer of TiO,, even in complex-shaped devices. The
main objective of our study was to find and report suitable parameters for electrolytic polishing of NiTi
wires, in both the superelastic and shape memory states. The results indicate that electropolishing in
a 3.5 molsL"' methanolic H,SO, electrolyte at 20°C can effectively reduce surface roughness, remove
superficial nickel-rich layers and improve corrosion resistance for austenitic and martensitic NiTi alloys.
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1. Introduction

Nickel-titanium (NiTi) alloys have a wide range of prospective
biomedical applications due to two extraordinary properties:
shape memory effect and superelasticity'. These effects take
place in NiTi alloys with near-equiatomic composition, and
are related to the martensitic transformation, a diffusionless
phase transformation in which atoms move cooperatively by
a shear-like mechanism, rearranging themselves to form a
more stable crystalline structure. The shape memory effect,
or pseudoplasticity, is displayed when the low-temperature
martensitic phase suffers an apparently plastic deformation upon
loading, which is eliminated when the material is heated above its
transformation temperature. Superelasticity, or pseudoelasticity,
is characterized by large recoverable strains upon loading and
unloading in the high-temperature austenitic phase?.

Currently, most shape memory and superelastic biodevices
are produced using NiTi alloys. However, there are allergenic,
toxic, and carcinogenic effects associated with the release of
nickel ions in the human body, which remain a concern in
the application of these alloys®. In the production process,
a coarse and complex layer consisting of a mixture of
TiO, and nickel-rich phases is formed on the alloy surface.
Moreover, conventional machining of NiTi alloys usually
results in a surface with many defects and irregularities that
can accelerate the corrosion and degradation of the material'.
Additional surface processing is needed in order to promote
the depletion of nickel in the outermost layers, to form a
smooth and defect-free surface, and to ensure the formation
of a protective layer of titanium oxide*.
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Among the treatments traditionally used for biomaterials,
chemical and electrochemical processes generally lead
to better surface finishing than mechanical routes.
Electrolytic polishing can selectively dissolve surface
irregularities and simultaneously form a thin protective
layer of titanium oxide’. For this reason, and due to its
easy and inexpensive application to objects of complex
shapes, electropolishing has been applied commonly in
the finishing of NiTi devices. Although electropolishing
of NiTi is already used commercially, there are few
descriptive papers on the electrolytic polishing processes
and parameters of NiTi alloys. Most knowledge on this
area is empirical* and few systematic studies have been
published®®.

The aim of our study was to find and report suitable
parameters for the electropolishing of NiTi alloys at 20°C, with
martensitic or austenitic structures, to enable its application
as a biomaterial. Furthermore, it is the purpose of the present
work to investigate the electrolytic polishing effects on the
surface morphology and the corrosion resistance of NiTi wires.

2. Experimental

2.1. Materials

Two commercial near-equiatomic NiTi wires (Stanford
Advanced Materials, Irvine, CA, USA), with a diameter of
1 mm, were used in this study: a superelastic wire with an
austenitic structure at room temperature (nominal austenite
finish temperature, Af, of 0°C), and a shape memory wire
with a martensitic structure (Af = 70°C).
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2.2. Surface characterization

The superficial morphology of the materials was evaluated
using scanning electron microscopy (SEM, Inspect S50,
FEI Hillsboro, USA). Roughness measurements were made
in triplicate over an area of 30 pm x 30 pm using atomic
force microscopy (AFM, XE-70, Park System, Suwon,
Korea), operating in the tapping mode. Semi-quantitative
microanalyses were performed by energy dispersive X-ray
spectroscopy (EDX, Genesis, EDAX Inc., Mahwah, USA).
The phase composition was analyzed by X-ray diffraction
(XRD, Empyrean, PANalytical, Almelo, The Netherlands)
using Cu-Ka radiation.

2.3. Electrolytic polishing

All the samples were initially pickled in a phosphoric
acid solution’ to remove the dark, coarse oxide layer, cleaned
in an ultrasonic bath with acetone for 15 minutes and then
with deionized water for an additional 15 minutes. This
procedure was performed to avoid early saturation effects
during electropolishing.

For the electrolytic polishing, a potentiostat (VersaSTAT
3, Princeton Applied Research, Berwyn, USA), a standard
electrochemical cell with a platinum grid as the counter
electrode and an Ag/AgCl reference electrode, were used.
All potential values in this work refer to this electrode. The
electrolyte chosen was a 3.5 moleL"! methanolic sulfuric acid
(H,SO,) solution at 20°C¢. Anodic polarization curves were
determined using a potentiodynamic scan from 0 Vto 10 V at
ascan rate of 0.1 Ves™!. The electropolishing was conducted
at the corresponding current plateau in the anodic polarization
curves for the superelastic and the shape memory wires,
for four different lengths of time (30, 60, 120 and 240 s).
A surface area of 0.95 cm? was exposed to the electrolyte,
and the samples were weighed in a precision scale, before
and after electropolishing, to determine the average mass
removal. Measurements were made in triplicate.

2.4. Electrochemical characterization

The electrochemical evaluation was also performed
using a standard three-electrode cell with a platinum grid and
an Ag/AgCl electrode as counter and reference electrodes,
respectively. Potentiodynamic polarization curves were obtained
starting from the open circuit potential and progressing in the
anodic direction up to 2 V at a scan rate of 0.001 Ves' ata
constant temperature of 37°C. The electrolyte used was the
Hank's simulated physiologic solution (composition given
in Table 1), chosen as it has been shown to yield highly
reproducible results when used to assess the corrosion
behavior of NiTi alloys'®. After the electrochemical test,
additional surface morphology assessment of the wires was
performed using SEM.

Table 1. Chemical components of Hank’s solution.

Component Concentration (geL")
NaCl 8.00
Glucose 1.00
KCl 0.40
NaHCO, 0.35
CaCl, 0.14
MgCl,'6H,0 0.10
KH,PO, 0.06
MgSO, 7H,0 0.06
Na,HPO,2H,0 0.06

3. Results and Discussion

3.1. Electrolytic polishing

The surface morphologies of the NiTi superelastic and
shape memory wires in their as received condition are shown
in Figures 1(a) and (b), respectively. Both samples display
a coarse oxide layer, resulting from annealing during the
manufacturing process. This thermally formed oxide layer is
predominantly composed of TiO,, but significant amounts of
metallic nickel and Ni, Ti were detected by the XRD analysis
(data not shown). The presence of nickel and nickel-rich
phases in the surface hinders biomedical applications, and
thick, impure oxide layers are more susceptible to localized
corrosion than thin, uniform TiO, layers™''. After pickling,
most of the thermally formed oxide layer was removed.
However, remnants of the coarse layer and several surface
irregularities are present, as shown in Figures 1(c) and (d).

As many factors influence the electropolishing quality,
the process parameters should be adjusted based on the
current-voltage relationship for each specific system!'.
Figure 2 shows the anodic potentiodynamic polarization
curves for superelastic and shape memory NiTi wires in
a 3.5 mol*L"!" methanolic H,SO, electrolyte at 20°C. The
optimum region for electropolishing is the limiting current
plateau in the polarization curve. In this region, the process is
mass-transport controlled, limited by the diffusion of cations
dissolved from the metal surface through the passivated layer®.
For our systems, the potentials chosen for electropolishing
(indicated in Figure 2) were 7 V for the superelastic wire
and 8 V for the shape memory wire. The corresponding
limiting currents were 0.07 Ascm™ and 0.22 Ascm? for
the superelastic and the shape memory wires, respectively.

In one of the few systematic studies on the electropolishing
of NiTi alloys, Fushimi et al.® investigated the polishing
conditions of NiTi disks (50.5 at. % Ni and Af = 37°C) in
methanolic H,SO, solutions. The H,SO, concentration was
varied from 0.1 to 7 moleL"! and the electropolishing was
carried out at -10°C, meaning that the alloy was in the shape
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Figure 1. SEM surface morphology images of NiTi wires: (a) superelastic and (b) shape memory, as received; (c) superelastic and (d)
shape memory, after pickling. White arrows illustrate the presence of cracks in the oxide layer.

memory martensitic state. They found that the limiting current
decreased linearly with increasing H,SO, concentration, and
that for concentrations of up to 0.3 molsL"!, the reaction
was under Ohmic control and electropolishing was not
observed. They reported that the best results were obtained
for a 3 moleL! concentration and a potential of 8 V, which
showed a limiting current of approximately 0.05 Ascm™.
This current is four times lower than the one we obtained
and reinforces the fact that temperature® and initial surface
roughness’ are among several factors affecting electrolytic
polishing.

The average mass removal of NiTi during electrolytic

- >, Anodic solarisai NIT wires in 3.5 moleL polishing, determined for different times, is displayed in Figure
igure 2. Anodic polarization curves of NiTi wires in 3.5 molsL-

LA ted, 1 lishing ti Ited in a 1
methanolic H,SO, solution. 3. As expected, longer polishing times resulted in a larger

removal of mass. It is also observed that the mass removal



Surface Characterization of NiTi Superelastic and Shape Memory Alloys After Electrolytic Polishing 575

Figure 3. Mass removal percentage after polishing NiTi wires in
3.5 mol-L"! methanolic H,SO, solution, at different times.

was more severe in the superelastic wires. This average
mass removal corresponds to an average linear removal rate
of 8.3 umemin’!' for the austenitic state and of 5.5 pmemin!
for the martensitic state. It is interesting to note that after
120 seconds the mass removal rate apparently increased for
the superelastic alloy and decreased for the shape memory
alloy. In a similar study, Pohl et al.” investigated the surface
topography of a NiTi alloy (50.5 at. % Ni and Af = 34°C).
They conducted electropolishing of the alloy in the austenitic
state at 20°C using an electrolyte of acetic acid and perchloric
acid, at a potential of 10 V, which lead to a linear removal
rate of 3.5 pmemin'. For the martensitic state, they used a
methanolic nitric acid solution, at a temperature of -30°C
and a potential of 5.5 V, and measured a removal rate of 2.1
pmemin'. Although they achieved an initial reduction in the
surface roughness, longer polishing periods lead to waviness
formation due to material segregation. Armitage and Grant'
used a nitric acid solution, like that used by Pohl et al.’”, for
the electropolishing at -30°C of a nominally equiatomic NiTi
alloy with a martensitic start temperature of 92.1°C, using a
potential of 15 V; they reported that the electrolytic polishing
resulted in a rougher surface.

The average surface roughness (R ) values of the specimens,
measured by AFM, are presented in Figure 4. Longer polishing
times represent a steady decrease in the surface roughness. After
240 s of electropolishing, the average surface roughness was
0.10 + 0.09 um for the superelastic wire and 0.17 = 0.07 pm
for the shape memory wire. This represents a reduction of
seven times in comparison with the pickled superelastic wire
surface and almost four times in the shape memory wires.

Semi-quantitative microanalyses by EDX (Table 2)
indicate that the nickel content in the outermost surface layers
decreased with electropolishing and approached an equiatomic
composition after 120 s. Figure 5 shows the diffractograms
of NiTi wires that were electrolytically polished for 240 s.
Only the phases stable at room temperature; martensite

Figure 4. Average surface roughness (R ), measured by AFM, after
polishing NiTi wires in 3.5 moleL"' methanolic H,SO, solution, at
different times.

B19' for the shape memory wire, and austenite B2 for the
superelastic wire, were identified for each sample.

The surface morphologies of the NiTi surfaces after
240 s of polishing are shown in Figure 6. A considerable
increase in the degree of uniformity can be seen in both the
superelastic and the shape memory surfaces, and a number
of inclusions randomly distributed throughout the surface
are now evident. EDX microanalyses suggested that these
particles are mainly titanium carbide, which usually forms
during the melting process of NiTi alloys in carbon crucibles'.
Although the SEM images of NiTi surfaces after 240 s of
polishing suggest that a smoother surface was obtained on
the martensitic wire, the values of average surface roughness
measured by AFM were not statistically different, probably
due to contributions from the titanium carbide particles.

Smoother surfaces are usually associated with higher
corrosion resistance'® and longer fatigue life'®!” in NiTi
materials. A low surface roughness is desirable for many
applications, such as in stents'®, orthodontic wires' and
endodontic instruments®. However, a higher surface roughness
might be required for other applications, such as in implants,
where cell attachment and proliferation are important'-?.
The final surface roughness can be adjusted accordingly by
controlling the polishing times.

3.2. Electrochemical characterization

Potentiodynamic polarization was applied to study the
corrosion behavior of the NiTi wires in Hank's solution,
both as received and after electropolishing. The polarization
curves for the superelastic and shape memory samples are
shown in Figure 7. In the as received condition, both alloys
showed similar corrosion potentials, and the superelastic
alloy displayed a breakdown potential. According to the
polarization curve, the corrosion mechanism of the shape
memory wire in the as received condition appears to be
uniform corrosion, while the superelastic wire presents
localized corrosion with a low current density of 107 Aecm™.



576 Lopes et al.

Materials Research

Table 2. Superficial nickel content after electrolytic polishing at different times determined by EDX.

Ni (at. %)
Sample Time (s)
pickled 30 60 120 240
superelastic 548+0.8 525+1.2 51.6+0.2 50.4+0.4 50.1£0.6
shape memory 55.5+1.0 52.1+0.3 50.6 + 0.6 50.4+0.5 50.8+0.9

Figure 5. X-ray diffraction profile of superelastic and shape memory
NiTi alloys after 240 s of electrolytic polishing.
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Figure 6. Surface morphologies of NiTi wires after 240 s of electropolishing: (a) superelastic and (b) shape memory.

Since the corrosion resistance of NiTi alloys relies on
the presence of a passivated TiO, layer, the film integrity and
uniformity is of great importance®. In the as received condition,
cracks on the oxide surface are evident, as exemplified by the
arrows in Figure 1, which make it easier for the electrolyte
to get into the substrate, and result in a lower corrosion
resistance. The lower corrosion resistance of the shape
memory alloy observed is a result of the different thermal
treatments needed to control the transformation temperatures
of the NiTi alloys, that also modify the surface oxide*''.

The condition of a surface strongly affects its corrosion
resistance, which has lead to a wide range of data reported
on the corrosion of NiTi devices, and so care should be
taken when considering any results from the literature that
do not explicitly state how the surfaces were prepared and

Figure 7. Potentiodynamic polarization of NiTi wires in Hank's solution: (a) superelastic and (b) shape memory.
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tested>>*%. As expected, in this study, the electrolytically
polished superelastic and shape memory wires presented
more noble corrosion potential values, when compared
with their corresponding as received samples. Additionally,
electropolishing resulted in a significant improvement to the
breakdown potential and to the pitting corrosion resistance of
the NiTi alloys. For the superelastic alloy, after electrolytic
polishing, the passivation current density increased from
107 Ascm? to 10 Aecm. The potentiodynamic polarization
results also indicated that for the polished wires, the shape
memory alloy showed higher corrosion resistance than
the superelastic alloy. The surface morphologies after the
polarization tests of the superelastic and shape memory
wires, shown in Figures 8 and 9, respectively, support the
above observations.

D ‘sp det |
3.1 mm| 4.0 ‘ETD\

The ASTM Standard F2129 does not establish the
potential values that an implant must endure to define if
its corrosion resistance is satisfactory, and recommends
the use of an appropriate reference specimen with good in
vivo corrosion resistance history®. Stainless steel 316L is
widely used in biomedical applications, making it a suitable
reference material. Studies of its corrosion resistance report
a breakdown potential of 0.35 V in Hank's solution at
37°C?"%, In our study, the electrolytic polishing elevated
the breakdown potentials of the NiTi alloys to 0.52 V for
the superelastic, and above 1.1 V for the shape memory.
Therefore, electropolishing at the conditions reported is
a suitable surface modification technique to be used in
biomedical applications of NiTi devices, for superelastic

and shape memory alloys.

Figure 8. Surface morphologies of superelastic NiTi wires after potentiodynamic polarization in Hank's solution: (a) as received and

(b) polished.
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Figure 9. Surface morphologies of shape memory NiTi wires after potentiodynamic polarization in Hank's solution: (a) as received and
(b) polished.
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The increase in corrosion resistance after electrolytic
polishing is related to the smoothing of the surface and
to the formation of a uniform TiO, protective layer on the
surface**. A more pronounced improvement in corrosion
resistance was observed in the shape memory martensitic
alloy than in the superelastic austenitic alloy. Although their
average surface roughness values after electropolishing were
statistically similar, SEM images of the polished surfaces
suggest that the shape memory alloy exhibits a smoother
final surface, with less precipitated particles, most likely
resulting in a superior corrosion resistance. The lower
amount of precipitated particles and defects on the surface
of the shape memory alloy is expected, given that the NiTi
is more ductile and easier to deform in the martensitic than
in the austenitic state?, and the production route for NiTi
devices is easier in that state.

4. Conclusions

The effects of electropolishing using a 3.5 moleL"!
methanolic H,SO, electrolyte at 20°C on the surface
morphology of superelastic and shape memory NiTi wires
were studied. The impact on their corrosion resistances in
Hank's simulated physiological solution was also evaluated.
The results showed that electrolytic polishing under the reported
conditions can effectively reduce the surface roughness of
both superelastic and shape memory NiTi alloys, and remove
superficial nickel-rich layers. In the as received condition,
the superelastic wire showed less corrosion susceptibility
than the shape memory wire. The latter presented uniform
corrosion, while the corrosion mechanism of the superelastic
alloy was localized corrosion with a low current density of
107 Ascm™. After electropolishing, a significantly increase
in their corrosion resistance in Hank's solution was observed,
which was more pronounced in the shape memory alloy than
in the superelastic alloy. In summary, electrolytic polishing
is a promising surface modification technique to be used in
biomedical applications of superelastic and shape memory
NiTi devices.
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