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This article dealt with improving corrosion resistance of stent modified using Ti-O film. Ti-O films of
various thicknesses were grown on the surface of 316L stainless steel (SS) stents by metal vacuum arc
source deposition technology, and the phase composition, the thickness and the adhesion between films and
substance were investigated by micro-x-ray diffraction (Micro-XRD), surface profilometer, and scanning
electron microscopy (SEM) separately. The corrosion resistance of modified stent was assessed by polari-
zation test in phosphate buffered solution (37± 1 �C). The result shows that the Ti-O films were very
smooth and uniform. There were not any cracks and delaminations after dilation by angioplasty, the
adhesion between Ti-O film and stent is satisfactory. The open circuit potential (OCP) of the Ti-O film
modified stents was higher than that of the bare stents; it shows that the electrochemical stability of
modified stents was more than bare stents. The polarization test result indicates that the passivation
stability and anti-breakdown performance of Ti-O film stents had better than bare stents, and no pitting
was observed on the surface of both modified stents, but the local film striations were found on the stent
surface of the thicker film, which indicated that the Ti-O film stents with certain thickness has good
corrosion resistance.
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1. Introduction

Generally, stent insertion was a standard procedure to reduce
stenosis or blockage of coronary arteries (Ref 1). However, in-
stent stenosis has become a new clinical problem for metallic
stents because of the corrosive environment in the human body
(Ref 2). The released metal ions from the corroded stents not
only induce platelet activation which leads to thrombogenicity
of the stents but also cause the endothelial cell damage due to
the potentially toxic effect of metal ions (Ref 3). The release
mechanisms of metal ions include electrochemical corrosion
and mechanically accelerated electrochemical processes such as
stress corrosion, corrosion fatigue, and fretting corrosion (Ref
4). 316L stainless steel (SS) had been widely used to make
coronary stent. Besides Fe, 316L SS contains 13% nickel, 17%
chromium, and 2.25% molybdenum. The release of nickel,
chromium, and molybdenum ions from 316LSS stent may
trigger local immune response and inflammatory reactions,
which may in turn induce intimal hyperplasia and in-stent
restenosis (Ref 2, 5). The use of a protective film is a viable
approach to mitigate excessive corrosion and it also combines
the desirable characteristics of different materials (Ref 6, 7). In
recent years, synthesizing bioceramic film on stent surface has

been attracting considerable attention, since the good mechan-
ical properties of metals and good chemical stability of ceramic
films can be combined. Many investigations demonstrated that
ceramic films such as DLC, TiN, and SiC, all have good blood
compatibility (Ref 8-10). In fact, the wellknown good biocom-
patibility of titanium is related to the native titanium oxide on
its surface (Ref 11, 12), so Ti-O film has potential application
on stents to improve the biocompatibility and the corrosion
resistance of the stent. The adhesion and uniform of film should
be good to ensure a long service life in vivo. Some researchers
have reported that it is difficult to deposit a uniform layer of Ti-
O film on the stent with complex shapes or geometry by ion
beam-assisted deposition or chemical vapor deposition, etc.
(Ref 13). Our previous experiments have disclosed that the
favorable Ti-O film was obtained by metal vacuum arc source
deposition technology, so this technology is a promising
method to fabricate Ti-O film on coronary stent.

Various techniques have been developed to evaluate the
corrosion resistance of metal materials. Among these, the
electrochemical method has frequently been used because it can
provide quantitative results via a simple conventional electro-
chemical apparatus. In this study, the metal vacuum arc sources
deposition was used to fabricate various thick Ti-O films on
316L SS stents. The polarization corrosion test in vitro was
carried out to study the corrosion resistance.

2. Experimental

2.1 Preparation of Ti-O Film

The 316LSS tube was laser cut, following electrochemical
polishing was performed to obtain bare stent. Ti-O films were
grown on stent surface using metal vacuum arc sources
deposition device. Prior to deposition, the stent surface was
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cleaned by argon ion for 10 min at working pressure 0.6 Pa.
And then oxygen was introduced into the vacuum chamber, the
partial pressure was 0.2 Pa. The detail technical parameter is
shown in Table 1. To obtain different thick films, the 4 and
6 min of deposition time were adopted, respectively.

2.2 Characterization of Ti-O Film

The Micro-XRD spectrum was obtained using a X�Pert
Pro MPD (Philips, Netherlands) diffractometer with Cu Ka
irradiation (k = 0.154060 nm) and the morphology of Ti-O
film was characterized using the optical microscopy (Motic
group-Plus 2.0ML) and SEM (S450, Japan Hitachi). In order
to obtain the thickness of various films, a silicon plate was
adhered on the side of the frame. The thickness of Ti-O film
deposited on silicon plate was measured by surface profilom-
eter (AMBIOS XP-2). The modified stents are mounted on
balloon and then deployed under certain pressure; the stents
with internal expanded diameters of 3.0 mm were used in this
investigation. The adhesion of the film was evaluated via
revealing the morphology of Ti-O films by SEM, specifically

maximum deformed cell of the stent undergone compressing
or expanding.

2.3 The Measure of Open Circuit Potential (OCP)

The phosphate buffered solution with the normal physiolog-
ical pH at 7.4 was purged with nitrogen for half an hour prior to
immersion. As shown in Fig. 1, the apparatus consisted of a
conventional three-electrode cell comprising a working elec-
trode, a saturated calomel electrode (SCE), a platinum sheet as
the counter electrode, the clevis used mounting stent was accord
to ASTM F 2129. The changes in the OCP were monitored as a
function of time under open circuit conditions for approximately
30 min. After 0.5 h immersion in the test solution, a fairly stable
potential could be achieved, its value is OCP.

2.4 The Polarization Test

The potentiodynamic polarization measurement was carried
out at a scanning rate of 2 mV/s, the polarization scanning was
conducted at potentials from �500 to 500 mV (vs.SCE). The
electrical charge (Q) was obtained using coulometric method
within a certain potential range (Ref 13, 14). As shown in
Fig. 2, the time of electron migration would be obtained on this
section, coulomb charge could be calculated by integrating
current density against this time, and the corrosion rate could be
also obtained by Faraday�s law (Ref 15):

Q ¼
Zt1

t0

IðaÞðtÞ dt ðEq 1Þ
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¼ h
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" #
(Eq 2)

Table 1 Technical parameter of Ti-O film

O2 Flow rate,
sccm

Arc source
voltage, V

Arc source
current, A

Deposited
time, min

51 32 0.56 4 or 6

Fig. 1 The diagram of the electrochemical experimental device

Fig. 2 The delineation of coulomb charge integration
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m ¼ MQ

nF
ðEq 3Þ

m ¼ m

q316L:S
� 365� 24� 3600

t1 � t0
ðEq 4Þ

where Q, n, m, M, F, S, and v were coulomb charge
(mC/cm2), amount of electron translation, weight loss of stent
(mg), atomic weight, Faraday constant, surface area of stent
and corrosion rate (mm/a), respectively.

3. Results and Discussion

The microphotograph of the Ti-O film modified stents is
shown in Fig. 3. It can be seen that the Ti-O film on the stent
surface was favorable smooth and uniform; there is no any
crack or particle on stents surface. As shown in Fig. 4, the rutile
phase of Ti-O on the modified surface was found from Micro-
XRD spectrum.

The thickness of Ti-O film deposited 4 min is estimated to
be 10 nm, which is thinner than that of 21 nm of 6 min. As
shown in Fig. 5, the Ti-O film of both modified stents is still
smooth and uniform after dilation by angioplasty. There are no
any cracks on deformed stent cell, and no delamination and
destruction are observed from SEM images, indicating that the
Ti-O film can adhere tightly on the stent surface. Furthermore,
the Ti-O films of various thicknesses can withstand the
compressive and expansion stress imparted during mounting
and deployment process.

The evolution with time of the OCP obtained from the bare
and modified stents is presented in Fig. 6. Throughout the
entire immersion period, the OCP values of the modified stents
are much more positive than those of the bare stent. After
immersion of approximately 200 s, the OCP value of the bare
stent decreases abruptly, and subsequently, the potential
fluctuates substantially up to 30 min, indicating that the test
solution has reached the substrate and has caused pitting
corrosion as well as rapid repair. In contrast, the OCP values
measured from the both Ti-O film modified stent do not vary as
much. After an initial increase, the OCP value increases slightly
with immersion time as a sign of strong surface passivation and
electrochemical stability.

Typical polarization curves of bare and Ti-O modified stent
are shown in Fig. 7. As shown in Fig. 7, the polarization
curves of the modified and bare stents are similar, but the
current density of Ti-O modified stent is less than bare stent
throughout polarization scanning. The Ecorr of the Ti-O
modified stent is �0.118 versus �0.315 V of bare stents,
which indicates more effective inhibition of localized corro-
sion for modified stents. There is no obvious transitional
region from activation to passivation state (Ref 16), and the
anti-breakdown property of modified stents is better than bare
stent. Nevertheless, dissolution and self-repair owing to defect
of films (Fig. 7b) may cause unstable, and these variations
may also result in metastable pitting reactions on the stainless
steel surface.

In fact, the precise weight loss of the stent owing to the
detailed electrochemical corrosion process was associated
with the cumulative coulomb charges which were consumed
by dissolution in the anodic and passivation region. There-
fore, the coulomb charge was another method used to
evaluate the corrosion resistance of metal materials. The
coulomb charge was obtained by integration of corrosion
current against polarization time from the OCP to 120 mV
(slightly above which the transpassivation occurs (Ref 13)).
The average electrical charges for modified stent were 10.60
mC/cm2, less than 62.65 mC/cm2 of the bare stents, evalu-
ating corrosion rate of bare stent was 4.41910�3 mm/a
versus 0.759 10�3 mm/a of modified stent, indicating the
outstanding electrochemical nobility and stability of the Ti-O
modified stents.

The SEM micrographs of the all stents after potentiody-
namic testing are shown in Fig. 8. Some pits were observed on
surface of the bare stent, it suggests the formation of ‘‘big
cathode/small anode’’ galvanic couples which were caused by
pin-holes or destruction of natural passivating film on the
surface of 316L SS. Another reason might be that there was
chromium carbides (Cr23C6) precipitated at the grain bound-
aries, which consumed chromium in boundary region, and
resulted in the chromium-depleted areas (Ref 17). Conse-
quently, the potential at the grain boundaries was lower
than that at interior grain, so grain boundary as anode of

Fig. 3 The morphology images of the Ti-O film modified stent
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Fig. 4 The Micro-XRD pattern of Ti-O film on stent
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micro-corrosion cell will be first corroded (Ref 18). Figure 8(b)
was SEM micrographs of the Ti-O film modified stent after
polarization test. It shows that there was no obvious corrosion
for the modified stents, and no pitting was observed on surface

of the Ti-O film modified stents. Only some striations were
found on the stent surface of thicker film (Fig. 8c), which
indicated that the Ti-O film stent with the certain thickness has
a good protection for 316L SS stents.

Fig. 5 The morphology photographs of expanded stents: 4 min (a) and 6 min (b) of deposition time separately
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Fig. 6 The evolution of OCP for bare stent and modified stent
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Fig. 7 The polarization curves of the bare (a), modified stents with
4 min (b), and 6 min of deposition time (c)
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4. Conclusions

In same test condition, the OCP of the Ti-O modified stent
was higher than the bare stents, and the coulomb charge of the
bare stents was almost six times more than that of modified
ones. Ti-O film modified stents had better passivation stability
and anti-breakdown performance than bare stents. Moreover,
the current density of modified stents is less than bare stents
throughout polarization scanning. The test results suggested
that Ti-O films with certain thickness could prevent 316L SS
from corrosion, and may be a potential approach to modify
316L SS coronary stent in clinical work.
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