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Abstract. With the development of minimally invasive treatment technology, coronary stents made of corrosion-resistant
steel are in demand for restoring the patency of blood vessels. The effectiveness of coronary stenting depends on various fac-
tors, but the quality of the surface of the stents is a major factor. The higher the quality of the surface of the stent is, the less
negative the effect on the circulatory system, arterial walls, and the higher the biocompatibility of the stent is. The complex
shape, small cross-section, size, and low rigidity of coronary stents are the main reasons for the inability to ensure high sur-
face quality using mechanical finishing methods. Therefore, electrochemical methods are used to polish stents. For electro-
chemical polishing (ECP) of stents, an electric mode based on direct current is traditionally used. The disadvantages of direct
current ECP are excessive metal removal and the need to use electrolytes of complex compositions, often containing toxic
components. As an alternative to the traditional ECP with the use of direct current, we have proposed a method of pulsed ECP
using pulses of microsecond duration for polishing stents. The use of pulsed current allows one to achieve a significant in-
crease in the efficiency of the SEC process, when, due to the localization of the anodic dissolution, the smoothing speed of the
microroughness of the treated surface, referred to the total metal removal, increases significantly. The paper presents a com-
parative analysis of ECP modes using direct and pulse current to change the surface roughness, removal, radius of curvature
of the edges, and corrosion resistance on the example of stents made of the 316LVM stainless steel. Based on the results of the
studies, technological regimes of pulsed ECP were established that provide the highest quality polishing of the stent surface
with a small metal removal with a slight rounding of the edges.
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SJEKTPOXUMHNYECKOE IOJIUPOBAHUE MATPUYHBIX CTEHTOB U3 CTAJIA 316LVM
C UCITIOJIB30BAHUEM MUKPOCEKYHJIHbBIX UMITYJIbCOB

AnHoTanus. C pa3BUTHEM TEXHOIOIHMH MaJOWHBA3MBHOIO JIEUEHUS] KOPOHAPHBIE CTEHTHI U3 KOPPO3HOHHOCTOMKHX CTa-
Jell MONyYNIN IIMPOKOE PACIIPOCTPAHEHHE IPH BOCCTAHOBICHUHU MPOXOAMMOCTH KPOBEHOCHBIX COCYIO0B. D((heKTHBHOCTH
CTEHTHPOBAHMS KOPOHAPHBIX COCY/OB 3aBHCHT OT PAa3IMYHBIX (JAKTOPOB, OJHAKO OCHOBHBIM (PAaKTOPOM SIBIISIETCS KAaueCTBO
MIOBEPXHOCTH CTEHTOB. UeM BbIIIEe KaueCTBO IOBEPXHOCTH CTEHTA, TEM MEHbIIE HEraTUBHOE BJIMSHUE OKa3bIBaeTCs Ha KPo-
BEHOCHYIO CHCTEMY, CTEHKH apTepHii U TeM BbIIIe OMOJIOTHYECKas COBMECTUMOCTD cTeHTa. CrnoxHas Gpopma, Masoe CeueHue,
pa3Mepbl M HU3Kasl )KECTKOCTh KOPOHAPHBIX CTEHTOB SBISIOTCS OCHOBHBIMH ITPUYNHAMHI HEBO3MOKHOCTH 00ECIICUCHHUST BBICO-
KOT'0 KauecTBa MOBEPXHOCTH C UCIIOIH30BAaHNEM MEXaHNIECKUX clIoco00B puHunIHON 00padoTku. [ToaTOMY JUIsl TOTHMPOBAHHUS
CTEHTOB IIPUMEHSIOTCS NEKTPOXUMUYEcKHe MeTobl. Jliist anexTpoxumuydeckoro noauposanus (OXII) cTeHTOB TpaaULIMOHHO
WCTIONB3YETCs IIMEKTPHUCCKUI PeKUM, OCHOBAaHHBIA Ha MOCTOSHHOM Toke. Hemoctatkamu DXII Ha MOCTOSTHHOM TOKE SIBJISI-
I0TCS YPe3MEPHBIH CheM MeTalllla H HEOOXOAUMOCTH HCIIOIb30BaHUS MJICKTPOIUTOB CIOXKHBIX COCTABOB, YACTO COACPIKAIINX
TOKCHYHbIC KOMIIOHEHTHI. B kauecTBe anbTepHaTUBbl TpaguoHHoMy OXI1 ¢ npuMeHeHreM OCTOSIHHOIO TOKA HaMU JUIS T10-
JUPOBAHMS CTEHTOB MPEJIOKEH METO UMITyIbcHOTO DXII ¢ HCIoIb30BaHNEM NMITYIECOB MUKPOCEKYHIHON ATHTENBHOCTH.
[IpuMeHeHNe IMITYTHCHOTO TOKA MO3BOJISIET JOOUTHCS CYIIECTBEHHOTO MOBLIIIeHHS Y dexTuBHOCTH Mporecca DXI1, korna 3a
CUeT JIOKAJIM3AI[MH aHOTHOTO PACTBOPEHUS CKOPOCTH CIIIA)KHBAHHSI MUKPOHEPOBHOCTEH 00padaThIiBaeMoii MIOBEPXHOCTH, OTHE-
CEHHas K 001IeMy ChbeMy MeTalla, 3HAYUTEIbHO Bo3pacTaeT. [Ipeactasnen cpaBHUTENbHBIN aHanu3 pexumoB IXII ¢ mpumene-
HHUEM MOCTOSTHHOTO ¥ UMITYJICHOTO TOKa Ha W3MEHEHHE MIePOXOBATOCTH TIOBEPXHOCTH, ChEMa, pajinyca 3aKpyTIeHHUS KPOMOK
U KOPPO3UOHHOH CTOMKOCTU Ha IPUMEpPE CTEHTOB U3 KOPPO3UOHHOCTONKON cranu 316LVM. Ilo pe3ynbraraM BbIIOJHEHHBIX
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HCCIIEZIOBAaHUI YCTAHOBIICHBI TEXHOJIOTHYECKHE PEKUMBI HMITyJIbcHOro DXII, obecrednBarole Hanboee Ka4eCTBEHHOE M0-
JTHPOBAHHME MOBEPXHOCTH CTEHTOB IIPH MAJIOM CheME MeTaJlJla ¢ HE3HAYUTEIbHBIM CKPYTJICHHEM KPOMOK.

KuoueBble cj10Ba: MMIYJIbC TOKA, 3JIEKTPOXHMMUYECKOE MOJUPOBAHKE, KOPOHAPHBIH CTEHT, SJIEKTPOIHT, dPHEKTHB-
HOCTb CIII&KHBAHUSI MUKPOHEPOBHOCTH, MUKPOHEPOBHOCTb

Jiisi uMTHpPOBaHUsA: DIEKTPOXMMHUYECKOE MOJMPOBAHUE MATPUYHBIX CTEHTOB M3 ctanu 316LVM c ncnoibp3oBaHHEM
MHKpPOCEKYHIHBIX uMIyabcoB / FO.I. Anekcees [u ap.] / Bec. Ham. akan. HaByk bemapyci. Cep. ¢i3.-ToxH. HaByK. — 2021. —
T. 66, Ne2. — C. 161-168. https://doi.org/10.29235/1561-8358-2021-66-2-161-168

Introduction. To increase the biological lumen and maintain the patency of the blood vessel after
percutaneous transluminal angioplasty, stents are used in medical practice [1, 2]. Stents are made from
implant materials widely used in medicine, such as nitinol, titanium, cobalt-chromium alloys, and corro-
sion-resistant steels. These materials combine high resistance to corrosion, strength, resilience, and radi-
opaque properties [3]. In this case, the most important property of stents, which has a significant effect
on their corrosion resistance in an aggressive environment of the body, biocompatibility and the risk of
a repeated decrease in the vessel lumen in the implantation zone, is the quality of their surfaces [3-7].

Currently, for the shaping of matrix-type stents, laser cutting from a tubular blank is used, the disad-
vantage of which is the formation of burrs, scale, and surface defects in the cut area [8]. The main part of
the burr is preliminarily removed by mechanical methods and chemical etching [8—10]; to ensure a high
quality of the surface of the stent (Ra up to 0.1 um), electrochemical methods are used. Electrochemical
polishing (ECP) of stents provides not only an improvement in the surface quality but also leads to
the formation of a clean and uniform passive layer, the elimination of surface defects [11-14], an im-
provement in the mechanical properties of the treated surface and an increase in its corrosion resistance
[3, 4, 6, 15-20]. In the production of stents from various implant materials, electrolytes and ECP modes
are effectively used, which makes it possible to obtain a set of required performance characteristics.
The processes of ECP developed to date for stents made of nitinol [7], corrosion-resistant steel [20, 21],
titanium alloys [22, 23] provide high-quality polishing with a significant decrease in surface roughness
and an increase in the corrosion resistance of the surface layer.

The main disadvantage of direct current ECP is excessive uncontrolled metal removal [25], which is
especially unacceptable when processing small-section products such as stents. Another disadvantage is
the need to use electrolytes of complex compositions containing a number of materials, including toxic
components [25]. The use of a pulsed current makes it possible to achieve a significant increase in the
efficiency of the ECP process, when, due to the localization of anodic dissolution, the rate of smoothing
of microroughness of the treated surface, referred to the total metal removal, increases significantly.
The duration of the pulses allows the influence on the thickness of the diffusion layer around the treated
surface during the ECP process. Therefore, by changing the pulse duration, it becomes possible to con-
trol the rate of redox reactions and metal removal [25]. Thus, it becomes possible to high-quality polish-
ing in electrolytes without the addition of toxic components such as fluorides, methanol and chromic an-
hydride. So, earlier in our work [26], it was established that the use of pulse modes in the process of ECP
provides a significant decrease in surface roughness with a small removal of metal. The highest values
of the efficiency of smoothing microroughness, defined as the ratio of the change in roughness ARa to
metal mass Am removal, are achieved for the bipolar pulse mode at a current density of i = 0.75 A/cm?
and for a unipolar pulse mode at an anode current density of i, = 1.0 A/em?. The efficiency values ob-
tained for pulsed modes are two times higher than the maximum efficiency (at i = 0.5 A/cm?) for the
traditional ECP using direct current. Accordingly, it is most advisable to use pulse modes for processing
precision parts, products, or parts of small sections and rigidity (including stents), for which excessive
metal removal from the treated surfaces is not allowed.

The purpose of this work is a comparative analysis of ECP modes with the use of direct and pulsed
currents for changes in surface roughness, metal removal, changes in size, and corrosion resistance on
the example of stents made of the 316LVM corrosion-resistant steel, as well as the establishment of tech-
nological ECP modes that provide the highest quality polishing of the surface with a relatively low metal
removal and geometry changes (radius of curvature of edges).

Materials, equipment, and research methods. The studies were carried out on samples of coronal
stents made of the 316LVM corrosion-resistant steel, obtained by laser cutting from drawn pipes with
dimensions 2.4 X 0.2 mm (Figure 1). The surface area of the stents is 3.8 cm?.
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As a pretreatment before ECP to remove burr formed af-
ter laser cutting, acid etching was carried out in a solution
of the composition HF (1 %), HNO;3 (9 %), and H,0O (90 %)
at 45 °C for 15 min in an ultrasonic bath. After acid etching,
the stents were washed in water [27]. The roughness of the
surface of the initial samples was Ra 0.22 um.

ECP of the samples was performed in an electrolyte of
the following composition: 50 % — phosphoric acid, 25 % — Figure 1. The appearance of test samples
sulfuric acid, 20 % — glycerol, 5 % — distilled water. The elec-
trolyte temperature was maintained within 33+5 °C. The required value of the current density was set
by changing the voltage. To process the samples, we used experimental equipment consisting of an ad-
justable constant voltage source [29], a block of the system for forming pulses of a given duration, a bath
with devices for heating, cooling, and stirring the electrolyte (Figure 2).

Adjustable constant
voltage source

Bath

Block of the system
for forming pulses

Figure 2. Experimental equipment for research

The measurement of the surface roughness of the samples before and after processing was carried out
using an MII-4 micro interferometer. Electron microscopic photographs of the surface of the samples before
and after processing were obtained on a VEGA Il LMV scanning electron microscope. Optical photographs
of the surface of thin sections of the samples before and after processing were obtained using an Altami
MET]1 metallographic microscope. The shape of the current pulses was monitored with an S8-46/1 oscil-
loscope. The mass was measured with an Ohaus PA214C weigh-scales. The control of corrosion resistance
was carried out using a PI-50-Pro-3 pulse potentiostat-galvanostat in a 0.9 % sodium chloride solution.

For the treatment duration t, the values of 2, 4, 6, 8, 10, and 12 min were taken. The amplitude of
current density for the pulsed ECP was 1.3 A/cm?, and for the ECP at a direct current was of 0.65 A/cm?.
The accepted values of the current density ensure the equality of the amount of technological current for
the investigated processes of pulsed ECP (PECP) and ECP at direct current (Figure 3). The duration of
the no-current pause between pulses, equal to half of the period 7, is compensated by twice the ampli-
tude of the current /pgcp at a pulsed ECP relative to the ECP on a direct current /gcp.

’ ONE O,

) . t

T

Ipecp

/ECP

Figure 3. Diagrams of the shape of the pulses during ECP at a constant current (a) and pulse ECP (b)
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ARa, um Results and discussion. To establish the pulse
] duration that provides the best surface quality (the

0141 smallest surface roughness), the samples were pre-
0.12 1 liminarily processed with the following characte-
0.10 1 ristics:
0.08 - pulse duration t = 10, 20, 40, 80, 160 and 320 ps;
0.06 1 duty cycle S=2;
0.04 1 peak current density of pulses i = 1.3 A/cm?;
0.02 1 processing time ¢ = 8 min.

0 , , , , , , , , , The obtained dependence of the change in

0 40 80 120 160 200 240 280 320 360 the surface roughness of the samples ARa on the
“H pulse duration T during the pulsed ECT is shown in
Figure 4. The effect of pulse duration in the process of pulsed ~ Figure 4. The maximum improvement in surface
ECP on the change in surface roughness of samples quality is observed at a pulse duration of 40 ps.
High processing quality at this value of the pulse
duration is achieved by creating the most favorable conditions under which comparable and high rates of
anodic dissolution and surface passivation are provided, which makes it possible to completely remove
dissolution products and restore the concentration of active components in the processing zone and ensure
the maximum rate of smoothing of the surface microrelief with minimal material removal. Later in this
work, when processing samples in the pulsed mode, the value of the pulse duration was taken to be 40 ps.
Figure 5 shows the results of experimental studies of the effect of treatment duration 7 on the change
in surface roughness and removal of stent material in the process of pulsed ECP and ECP at direct cur-
rent. From the presented dependencies it can be seen that when using both the pulsed ECP mode and
the traditional ECP using direct current, an approximately equal change in the roughness parameter Ra
takes place. In this case, the removal of material Am from the treated surfaces of the stent for the pulsed
mode is, on average, 2.5 times less than for the constant current mode. Less removal with an equal
amount of process current is explained by the passivation of the treated surface during the no-current
pause between pulses. Accordingly, when a pulse following the pause occurs, electrochemical disso-
lution does not begin instantly, but with a certain delay, commensurate with the duration of the acting
pulse, which has the main effect on the extraction. Intensive smoothing of the microrelief at low metal
removal in the pulsed mode is associated with the accelerated dissolution of primarily polarized micro-
protrusions on the treated surface as compared to passivated micro depressions.

e ol ®
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0.16 1 N 50 1 A~ - Direct current ECP A
” —° 40 K
0.12 A
30 1
0.08 A
20 1 i
— Pulsed ECP
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Figure 5. The effect of the processing time on the change in surface roughness (¢) and material removal (b) of the samples
during pulsed ECP and ECP on a direct current

Quantitatively, the efficiency of ECP of stent surfaces using a pulsed mode can be estimated by the
ratio of the achieved change in roughness to the mass of metal removed during processing. As shown
in Figure 6 of the diagram, it can be seen that in general, both for the pulsed mode and for the mode at
constant current, with an increase in the duration, the processing efficiency decreases. At the same time,
the efficiency of ECP with the use of the pulsed mode is on average 2.3 times higher than with the tradi-
tional ECP using direct current.
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In the process of stent implantation us-
ing a high-pressure balloon (up to 12 atm), there
is a possibility of vascular wall perforation.
Therefore, the edges of the stent frame elements
must be rounded [31]. On the other hand, exces-
sive rounding of the edges, along with a decrease
in the cross-section of the frame elements, leads to
a significant decrease in the stiffness of the stent
and, accordingly, to the loss of its ability to rein-
force the vascular wall. In modern stent production
processes, the main edge rounding is provided by
shot blasting, prior to electrochemical polishing
[5]. Therefore, directly at the stage of electrochem-
ical polishing, significant rounding of the edges is
undesirable (more than 20 microns). The use of the
pulsed mode allows reducing of the rounding of
edges during the polishing of stents (Figure 7). The
value of the radius of rounding of the edges r after
processing in the pulsed mode is on average 15 %
less than when processing with direct current. This
is achieved due to significantly less metal removal
in the process of pulsed ECP compared to DC ECP.

From those presented in Figures 5-7 experi-
mental dependencies, it follows that to ensure
a high quality of the stents surface under the con-
dition of small removal with a slight rounding of
the edges (10—15 um), the required duration of the
pulse ECP is 6—8 min.

Figure 8 shows polarization curves obtained in
0.9 % sodium chloride solution for initial stent sam-
ples and stent samples after pulsed ECP and direct

ARa pm
am’ g
18 ;
16 1 B - Pulsed ECP
14 - ] - Direct current ECP
12 1
10 1
8 4
6 B
4 4
2 B
0 A
2 4 6 8 10 12
t, min

Figure 6. Change in the efficiency of the processing time
with pulsed ECP and ECP on direct current

r, um

30 -
—@——Pulsed ECP

25 - A~ — Direct current ECP A
20 A
15 1
10
5 4
O T

0 9 4 6 8 10 12 14

Figure 7. The influence of the processing time on the change
in the radii of rounding of the edges of the stents

current ECP for 6 min. It was found that the type of technological current used in the process of ECP of
stents does not affect the protective properties of the surface. Pulsed ECP, as well as traditional ECP using
direct current, leads to a significant increase in the pitting potential ¢ of the studied stent samples — from 770

to 1370 mV.

Micrographs of the initial stent samples and samples after a 6-min pulse ECP are shown in Figure 9.
The surface of the original stent samples is characterized by the presence of scratches and other defects
formed as a result of preliminary mechanical, sandblasting, and chemical etching. The edges have laser-cut
burrs. As a result of the pulsed ECP, the relief of microroughness is smoothed out, and a smooth surface
that does not contain defects is formed. In this case, the rounding of the edges is insignificant (10—15 pm).

1, pA
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1
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Pulsed ECP
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600 700 800 900
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Figure 8. The effect of pulsed ECP and ECP on direct current
on the change in the potential of the pitting surface of the stents
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SEM HV: 20.00 KV WD: 12,9380 mm VEGAN TESCAY
View field: 277.2ym  Det: SE Detector
SEM MAG: 716 x

SEMHV: 20,00 KV WD: 129760 mm VEGAN TESCAN
Viw field: 132.3ym  Det: SE Detector
SEM MAG: 1.50 kx.

SEMHV:2000kV  WD: 12,9760 mm VEGA TESCAY
View field: 1.98 mm Det: SE Detector
SEM MAG: 100 x

SEMHV:2000KV  WD: 13,3018 mm VEGAN TESCAN
field:132.3ym  Det: SE Detector 20 ym
SEM MAG: 1.50 kx

SEMHV:2000KV  WD: 13.1440 mm VEGAY TESCAY
View field: 199 mm  Det: SE Detector 500 pm
SEM MAG: 100

SEMHV:2000kV  WD: 13,8908 mm VEGAN TESCAY
View field: 243.4 ym  Det: SE Detector 50 ym
SEM MAG: 700 x

Figure 9. Microphotographs of stents before (¢, b, ¢) and after processing (d, e, f) pulsed ECP application

Conclusion. The use of pulsed modes in the process of ECP for products of small cross-section and
stiffness, for which excessive metal removal is not allowed, such as coronary stents, allows high-quality
surface finishing with high efficiency, at which the intensity of smoothing the microroughness of the
treated surface, referred to the total metal removal, increases significantly in comparison with tradition-
al ECP using direct current. The efficiency of ECP in the pulsed mode is, on average, 2.3 times higher
than with traditional ECP using direct current.

According to the results of the studies performed, it was found that the high quality of the surface of
stents made of the 316LVM corrosion-resistant steel under the condition of low removal (11-14 %) with
a slight rounding of the edges is achieved in the process of a pulsed ECP with a pulse duration of 40 ps,
a current density of 1.3 A/em? with a duration processing 6-8 min. Processing with such characteris-
tics leads to an improvement in the surface roughness Ra of 0.12—0.13 um, the formation of a smooth
surface, the removal of scale and burrs formed during laser cutting, as well as an increase in the pitting
potential in comparison with the initial state from 770 to 1370 mV.
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