Electrolytic plasma polishing of NiTi alloy
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Abstract. Nitinol is widely used in the production of medical devices, especially the ones that are
designed for minimally invasive treatment, such as stents to restore vascular patency, stent grafts
to eliminate aneurysms, and cava filters to trap blood clots. One of the most important
characteristics that determines the reliability of the functioning of such products in the human
body is the state of the surface layer. The higher the surface quality, the less negative impact is on
the circulatory system, the walls of blood vessels and the higher the biological compatibility of
the product. Electrochemical polishing methods are mainly used to improve the surface quality of
nitinol products. The disadvantage of the applied electrochemical methods is the need to use
aggressive electrolytes that contain toxic components, such as hydrofluoric acid, sulfuric acid,
perchloric acid, nitric acid, methanol. As an alternative to the existing methods of electrochemical
polishing, we have developed electrolytic-plasma polishing (EPP), a new highly efficient process
for improving the surface quality of nitinol products. The most important advantage of the method
over traditional electrochemical polishing is the use of aqueous salt solutions with a concentration
of 4 % as electrolytes. Based on the results of the studies performed, the most rational EPP mode
was established, the use of which during polishing of nitinol provides surface cleaning from scale,
polishing with a decrease in the roughness parameter Ra by 0.344 um and an increase in pitting
potential by 33 %.

Keywords: nitinol, stent, electrolytic plasma polishing, roughness, corrosion.
1. Introduction

The nitinol alloy is a promising biomaterial due to its distinctive properties, such as shape
memory, super elasticity, high corrosion resistance and biocompatibility [1]. Through these
properties, nitinol is a suitable material for the manufacture of various biomedical products. A
number of implants and devices for minimally invasive endovascular surgery, including those
intended for restoring the patency of blood vessels in the human body, are made of nitinol, since
it retains high strength at significant degrees of deformation. In addition, due to spontaneous
surface passivation even at room temperature, nitinol provides sufficient corrosion resistance and
biocompatibility for effective use as an implant [2, 3].

Recently, various methods have been studied to improve the quality of nitinol surface, based
on mechanical polishing and electrochemical polishing [4-7]. The most effective and practical
method for improving the surface quality, eliminating surface layer defects, forming a
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homogeneous passive layer, and increasing the corrosion resistance of the nitinol stents surface is
a combination of chemical etching and electrochemical polishing [5, 8].

Due to the presence of a stable oxide film on the surface, nitinol is a difficult material for
electrochemical technologies. In order to dissolve the oxide film on the nitinol surface, it is
necessary to use aggressive electrolytes containing, among other things, toxic components, such
as hydrofluoric acid, sulfuric acid, perchloric acid, nitric acid, methanol. One of the most widely
used electrolytes in the practice of electrochemical polishing of nitinol is a solution of sulfuric
acid in methanol [9]. For polishing austenitic nitinol, an electrolyte is used, which consists of 10 %
perchloric and 90 % acetic acids [10]. To polish martensitic nitinol, a solution of 70 % methanol
and 30 % nitric acid is used [11]. During the process [12] an electrolyte consisting of sulfuric acid,
hydrofluoric acid and ethylene glycol was used. The use of hazardous components for the
preparation of electrolytes is the main disadvantage of existing electrochemical methods for
improving the surface quality of nitinol products. The use of such electrolytes causes significant
harm to the production personnel and the environment.

As an alternative to the existing methods of electrochemical polishing, we have developed
electrolytic-plasma polishing (EPP), a new highly efficient process for improving the surface
quality of nitinol products. The most important advantage of the method is the use of much less
aggressive and toxic electrolytes in comparison with traditional electrochemical polishing. Thus,
during the EPP process, aqueous solutions of salts with a concentration of 4 % are used as
electrolytes. The current density during EPP is 0,1-0,4 A/cm?. In addition to surface polishing,
the method also provides deburring, cleaning, and increased corrosion resistance of the surface
[13]. EPP is widely used in the processes of polishing and surface cleaning of medical devices
made of various metallic materials, such as corrosion-resistant steels, titanium alloys,
cobalt-chromium alloys [14, 15]. However, until now, technological regimes and electrolytes have
not been developed for processing nitinol products, including products of small section and
rigidity used for minimally invasive endovascular surgery.

In this work, using the example of a nitinol stent-element included in the design of a stent-graft,
we investigated the effect of EPP on the surface characteristics in order to establish technological
parameters that allow achieving a high quality surface treatment, corrosion resistance, provided
that the radial stiffness sufficient for its performance is maintained.

2. Equipment and materials

The studies were performed on samples of the stent element of an endovascular implantable
stent-graft for the abdominal aorta (Fig. 1).

b)
Fig. 1. Outward of endovascular stent-graft for the abdominal aorta and the stent-element
of a stent-graft: a) outward of the stent-graft; b) stent-element of the stent-graft

For the manufacture of stent elements, pipes made of C9-10670 nitinol with a diameter of
12 mm and wall thickness of 0.45 mm were used. The chemical composition of the material in
(wt.%) in accordance with the ASTM-F2063 standard is presented in Table 1. Laser cutting
elements (Rofin Laser) are manufactured. After laser cutting, heat treatment was performed. The
total length of the stent-element was 19.5 mm, the outer diameter was 23 mm, and the lamella
thickness was 0.45 mm (Fig. 1(b)). In order to remove slags and metal oxides formed during laser
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cutting, acid etching was performed.

EPP was carried out in an electrolyte based on a 4 % solution of ammonium fluoride in water
at a temperature of 90+3 °C. The samples were processed at a voltage of 300 V and a current
density of 0,15 A/cm?. The processing times for the samples were 1, 3, 5 and 7 minutes.

Surface roughness Ra was measured using a MarSurf PS 10 shapemeter. The mass of the stent
elements before and after treatment was measured on an Ohaus Pioneer PA214. Measurement of
the cross-sectional dimensions of the stent-element lamellae (width A, thickness B) before and
after treatment was performed using an Altami metallographic microscope. Radial stiffness tests
were carried out on an MSI RX550/650 radial compression force measuring machine. The radial
stiffness value was calculated as the ratio of the radial compressive force to the length of the stent-
element (N/mm). Micrographs of the surface of the samples before and after the EPP were
obtained using a VEGA Il LMU scanning electronic microscope with an INCA350 microanalyzer.
To determine the chemical composition of the surface layer, an Inca Energy 350 X-ray
fluorescence microanalyzer (Oxford Instruments) was used. Corrosion tests were performed by
measuring the pitting potential of the obtained samples. For measurements, a PI-50-Pro
potentiostat-galvanostat with a connected electrochemical cell was used.

Table 1. C9-10670 alloy chemical composition

Element % (wt.)
Nickel From 54,5 to 57,0

Carbon 0,05
Cobalt 0,05
Copper 0,01
Chromium 0,01
Hydrogen 0,005
Iron 0,05
Niobium 0,025
Nitrogen + Oxygen 0,05

Titanium The rest

3. Results

The results of measuring the roughness, material removal, radial stiffness, weight change,
pitting potential for samples before and after EPP with different durations are presented in Table 2.

Table 2. Measurement and calculation result

sample Progessing Roughness Mass Section Radial Pittin_g A_XB se_ction
NO time, change change change stiffness, potential dimensions,
' minutes ARa, pm Am, % | AS, mm? N/ mm Epitt, mV pm

1 0 0,000 0,0 0,000 0,96 348 520x456

2 1 0,254 7,5 0,018 0,81 523 501x455

3 3 0,344 13,7 0,033 0,72 463 494x428

4 5 0,451 27,4 0,067 0,50 323 444x398

5 7 0,454 35,8 0,087 0,38 318 431x382

4. Surface layer condition

Electronic photographs of the surfaces of the studied samples of stent-elements before and
after EPP are shown in Fig. 2. On the surfaces of the original sample, there are risks obtained
during grinding in the process of production of a workpiece (pipe), burr formed during laser
cutting as well as mechanical contamination. As a result of EPP, the surface is cleaned, microrelief
is achieved after 3 minutes of treatment. As a result of 7 minutes of treatment, a smooth surface is
formed, but at the same time the edges are significantly rounded and the size of the product is
reduced due to the removal of a layer of great thickness.
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d) e)
Fig. 2. Outward of surfaces of stent-elements before and after EPP: a) before treatment;
b) EPP 1 minute; ¢) EPP 3 minutes; d) EPP 5 minutes; ¢) EPP 7 minutes
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Viewfeld: 141.7 pm  Del: SE Defector 20 pm
SEM MAG: 1.40 kx

d) e)
Fig. 3. Stent-element surface condition before and after EPP: a) before treatment;
b) EPP 1 minute; c) EPP 3 minutes; d) EPP 5 minutes; ) EPP 7 minutes
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Photographs of the surface obtained at a higher magnification (Fig. 3) showed the presence of
pits on the surface of the initial samples formed as a result of preliminary chemical etching, as
well as inclusions in the form of intermetallic phases TiNi,Ox and TiC, which appear in the
structure of nitinol during its production due to undesirable impurities of oxygen and carbon [16].
Such inclusions affect the temperature of phase transformations in nitinol during the operation of
the products, and can also cause a decrease in fatigue strength due to increased cracking [17, 18].

As a result of EPP with a duration of 1 minute, the surface layer containing the pits formed in
the process of preliminary chemical etching is removed. In this case, intermetallic inclusions
appear to a greater extent than on the original surface (Fig. 3(b)). Further processing (Fig. 3(c))
leads to the intermetallic inclusions beginning to be etched out of the alloy structure, with free
pores remaining in their place. As a result of EPP lasting 5-7 minutes, the number of intermetallic
inclusions significantly decreases, and the number of pores, respectively, increases (Fig. 3(d, €)).
In this case, a relief surface characteristic of electrochemical etching is formed with the
manifestation of a microstructure.

5. Surface roughness

Fig. 4 shows the dependence characterizing the change in surface roughness ARa of the
samples under study with an increase in the processing time t. The most intense smoothing of
microroughness is observed at the initial stage of the surface treatment process with a duration of
up to 1 minute. With further processing, the intensity of smoothing is significantly reduced. As a
result of processing for 5-7 minutes, the limiting values of ARa are reached.

ARa, pm
0.6
0.5
0.4
0.3
0.2
0.1

0.0 & T T T T T T 3
0 1 2 3 4 5 6 7 8

t, minutes
Fig. 4. The effect of EPP duration on surface roughness changes

5.1. Metal removal

Metal removal during EPP is proportional to the amount of voltage passed through the sample
being processed and depends mainly on the electrolyte temperature, voltage, and immersion depth.
All the other things being equal, metal removal depends on the EPP duration t. When processing
the samples under study, the removal from the surface m ranged from 7,5 % with a duration of
1 minute 35,8 % with a duration of 7 minutes. The dependence of the removal on the duration is
shown in Fig. 5.

The dynamics of the change in the profile of the cross-section of the lamellae of the samples
under study can be estimated from the micrographs in Fig. 6. In the initial processing period (up
to 1 minute), the surface is cleaned, burrs are removed, the highest points of microroughness are
smoothed, and the edges are slightly rounded to a radius of 20-36 um (at the initial value of
3-5 um). The measurement of profile shape at this stage of processing occurs mainly by reducing
its width and height. With further processing, a significant rounding of the edges is observed. The
radius of rounding increases with an increase in EPP duration from 32-44 pum at 3 minutes to
105-123 um at 7 minutes.
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Fig. 5. The dependence of the removal on the duration of processing
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Fig. 6. Change in the cross section of the lamellae of the test samples:
a) original; b) 1 minute; ¢) 3 minutes; d) 5 minutes; e) 7 minutes

5.2. Radial stiffness

Radial stiffness determines the ability of the stent to provide a framework function with a force
sufficient to resist the elastic action of the vessels, and not exceeding a critical value, leading to
rupture of the vessel. Radial stiffness depends primarily on the stent design and heat treatment
regimes. The inevitable metal removal, which occurs as a result of technological operations
performed after laser cutting of the stent, has a significant effect on reducing the radial stiffness.
Therefore, laser cutting is performed taking the allowances for metal removal from the stent
surfaces during both preparatory operations (shot blasting, chemical etching) and direct removal
during the polishing process into account. The removal reached 29,7 % during the studies on the
processes of electrochemical polishing of such products [19, 20].

On the basis of experimental data, it was found that the dependence of the radial stiffness k
on the removal m during EPP of the studied stent-elements is clearly linear (Fig. 7). With a
removal rate of 35.8 % (corresponding to a processing time of 7 minutes), the radial stiffness
decreases by 2.5 times relative to the initial state (from 0.96 N/mm to 0.38 N/mm).

5.3. Corrosion resistance

Fig. 8 shows the dependence of the pitting potential E,;,, of the surface of the samples on the
EPP duration, constructed from the results of potentiodynamic tests. The average values of the
pitting potential of the samples after EPP with different durations are from 318 to 523 mV. The
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average value of the pitting potential of the initial sample after heat treatment is 348 mV. The
highest values of E,,;, are achieved with a short EPP duration (up to 3 minutes). In this case, the
maximum value of 610 mV was obtained in a series of measurements for a sample treated with a
duration of 1 min. Long-term treatment (5 min or more) leads to a significant decrease in the
pitting potential to values lower than that of the original sample, and, accordingly, to a decrease
in the protective properties of the surface.

Ak,N/mm
1,0 4

4
0,8
0,6
0,4 -

0,2 -

0,0 T T T T T T T 1
0 5 10 15 20 25 30 35 40

Am, %
Fig. 7. The effect of metal removal on the change in radial stiffness

Epm,mV
700 -+
600 4

523
463

500 -

400 - 348 I 323 318
300 -

200 -

100 4

0 - . ; . -
0 1 3 5

7

7, minutes
Fig. 8. The effect of the treatment duration on the change in the pitting potential

5.4. Surface chemical analysis

Analysis of the chemical composition of the surface of the samples under study showed that
as a result of EPP, there is no significant change in the ratio of the main components of the alloy.
The ratio of Ti/Ni components on the surface of the initial sample is 45,0/55,0 %, and on the
surface of the samples after EPP is 44,3-45,3/54,7-55,7 %.

6. Discussion

According to the obtained research results, EPP allows not only to effectively remove the scale
formed as a result of heat treatment of stent-elements made of nitinol, improve their surface
quality, ensure the rounding of sharp edges, ensure surface uniformity, but also leads to an increase
in corrosion resistance. The greatest protective properties of the surface are achieved with a short
processing time (1 min), when the surface is cleaned, deburred, and the highest points of
microroughness are smoothed. With this duration, a defective layer with pits formed as a result of
preliminary chemical etching is removed, and processing defects in the form of pores freed from
intermetallic inclusions are not formed on the surface. Furthermore, as the treatment increases, the
pitting potential decreases and, at 5-7 minutes, reaches the values comparable to those of the initial
sample.

Chemical analysis of the surface layer showed that EPP does not lead to a change in the
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composition of the surface layer. Thus, an increase in corrosion resistance at the initial stage of
EPP (1-3 minutes) is associated not with a change in the ratio of alloy components, but with
cleaning of the surface, increase of its uniformity, and smoothing of the microprofile. A significant
decrease in corrosion resistance after treatment for 5-7 min is probably due to the formation of a
surface with a large number of pores formed as a result of etching out intermetallic inclusions,
which are the center of pitting corrosion.

On the one hand, as a result of EPP, a significant increase in surface quality, corrosion
resistance, removal of foreign inclusions, descaling, rounding of sharp edges is provided, and on
the other hand, when processing stent elements, an undesirable phenomenon occurs — a decrease
in radial stiffness due to metal removal and a decrease in cross-sectional dimensions of their
structural elements (lamellas). It was found that with EPP with a duration exceeding 3 minutes,
there is a significant decrease in the radial stiffness of the studied stent elements. In addition, after
3 minutes of EPP, the processing efficiency, determined by the ratio of the change in roughness
to the mass of the removed material, significantly decreases compared to a processing of a short
duration (1-3 minutes).

Comparison of the obtained experimental results shows that the most rational is the EPP mode
with a duration of 3 minutes, which provides a high intensity of smoothing of microroughness
spots with a decrease in the roughness parameter Ra by 0.344 um with a relatively low metal
removal (13,7 %). In this case, the cross-sectional dimensions of the stent-element lamellae
decrease by 26-32 um (by 5.0-7.5%) relative to the initial value, and the edge radii increase to
32-44 um, which does not cause a critical decrease in the radial stiffness of the stent-element and
does not lead to disruption of its performance. When using this EPP mode, the pitting potential
increases by 115 mV (33 %) relative to the initial state.

7. Conclusions

The results of the studies performed using the example of stent elements showed that EPP is
an effective method of cleaning and improving the surface quality, rounding sharp edges and
increasing the corrosion resistance of the surface when processing products made of nitinol for
minimally invasive surgery. The most rational EPP mode has been established, the use of which,
when polishing a nitinol stent-element, provides surface cleaning from scale, polishing with a
decrease in the roughness parameter Ra by 0.344 um and an increase in the pitting potential by
33 %.

Taking the global trends to reduce production processes using hazardous electrochemical
technologies and replacing them with more environmentally friendly ones into account, the
developed and studied high-tech EPP process seems to be very relevant and promising in the
practice of manufacturing medical products from nitinol.
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