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Abstract

Thin films of stainless steel and poly(tetrafluoroethylene) were co-deposited, by radiofrequency magnetron sputtering, in an inert
atmosphere in order to produce a functionally graded material as a coating on a traditional biomaterial, where non-ferromagnetic char-
acteristics and improved wettability must be ensured. These thin films are intended to modify the surface of SS316L used in stents, where
the bulk/thin film couple should be regarded as a single material. This requires excellent adhesion of the coating to the substrate. All
coatings were deposited with an average thickness of 500 nm. The chemical and phase characterization of the surface revealed that, with
the increase in F content, the thin film evolves from a ferritic phase (o) to an amorphous phase with dispersion of a new crystalline cera-
mic phase (FeF,). For intermediate F content values, an austenitic (11 1) phase (y) was present. Bearing in mind the envisaged applica-
tion, the best results were attained for thin films with a fluorine content between 10 and 20 at.%.
© 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Stainless steel is the most commonly used material for
stent fabrication, but restenosis associated with thrombosis
at sites of stent placement remains an important clinical
problem [1,2]. As some authors have pointed out [3], it is
likely that the migration of arterial endothelial cells from
the adjacent tissue along with protein adsorption by metals
and polymers used for fabricating stents are the predomi-
nant sources of these problems. For these reasons, research
is being carried out with the aim of producing a variety of
modifications to stents to avoid restenosis and thromboge-
nicity. In addition to the use of new bulk metallic materials
[4-6], some attempts have been made to work with biode-
gradable or bioresorbable polymers, but the mechanical
collapse of these materials is a problem [7]. Moreover, sev-
eral distinct surface coatings using different materials such
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as gold [8,9], heparin [10], phosphorylcholine [11] and dia-
mond-like carbon (DLC) [12,13] have been applied to con-
ventional stents in order to reduce allergic responses and
thrombus formation. Despite these efforts, only a small
number of the developed systems possess the physical char-
acteristics that make them useful as implant medical
devices that undergo flexion or expansion. One of the most
promising stent surface modifications aims to achieve
improved mechanical performance of the stent with the
additional ability to deliver pharmacological drugs at the
stent implantation site. Within this line of research, drug-
eluting stents have been developed [14,15] but, once again,
the coating that carries and releases the drugs is usually a
polymer [16,17]. These types of coating present two main
limitations. First, the surface has an unpredictable degra-
dation kinetic during drug release, as each clinical case is
unique. Secondly, a more pertinent problem is the mis-
matched properties between the polymeric coating and
the underlying metallic substrate during the lifetime of a
stent.
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For the stated reasons, the modification of traditional
metallic stents with a coating that could simultaneously
possess very strong adhesion to the substrates previously
defined as well as good ductility would present an impor-
tant step towards the reduction of restenosis and at lower
cost. Compatibility with the endothelium vascular wall
and, if needed, with appropriate chemical groups that
allow the immobilization of biological compounds or phar-
maceutical drugs is also very important. The aim of this
study is to develop a ‘new’ coating based on functionally
graded material (2D-FGM) from 100% metal alloy (stent)
to 100% polymer (PTFE). Nevertheless, no information is
available concerning the characteristics of a thin film
resulting from the co-deposition of these two materials,
although the use of fluorine in cardiovascular implants
has already been reported, for example, in the development
of a biodegradable stent made from resorbable Mg alloy
with a MgF, coating [18]. In this study, the first step is
to understand the effect of increasing content of fluorine/
carbon on the properties of homothetic coatings based on
the chemical composition of traditional bulk material
stents.

2. Experimental
2.1. Deposition technique

The sputtered thin films were deposited using a radiofre-
quency (RF) power supply of 1000 and 500 W, branched to
the two assisted magnetron targets and substrate holder,
respectively. Stainless steel AISI (SS316L) and poly(tetra-
fluoroethylene) (PTFE) targets 100 mm in diameter were
used. The parameters used in the deposition were:
10~* Pa ultimate vacuum pressure; 5.1 W cm 2 discharge
power density for SS316L and from 0 to 1.3 W cm 2 for
PTFE; 0.7 Pa total discharge pressure; and 15 min deposi-
tion time. The thin films were deposited onto glass lamellae
(Ra=0.002 um) and SS316L substrates. The metallic
material was polished with SiC paper grit down to 2500
and with 1-um-grain-size diamond paste to Ra = 0.02 pm.

2.2. Characterization techniques

Cameca SX50 electron probe microanalyser (EPMA)
equipment with two wavelength dispersive spectrometers
(WDS) was used to assess the chemical composition of
both bulk and thin films. An accelerating voltage of
5 keV and a current of 40 nA were chosen for standard cal-
ibration and analysis, to ensure the integration of the sig-
nals from the thin films only. The X-ray photoelectron
spectroscopy (XPS) analyses were performed in a VG-
ESCLAB 250iXL spectrometer. The pressure in the analy-
sis chamber was kept <5 x 107% Pa, and the analyses were
performed using monochromatic radiation Al Ko
(hv = 1486.92 ¢V). The photoelectrons were collected at
an angle of 90° with respect to the surface of the samples.
The energy step was 20eV for the survey spectra and

0.05eV for the high-resolution spectra. All spectra were
referenced to C-C at 285¢eV in the C 1s spectrum. After
a Shirley-type background subtraction, the peaks were sep-
arated using a non-linear least-mean-square program. The
atomic percentages were obtained using the sensitivity fac-
tors of the Scofield library. The XPS was also used for the
in-depth analysis of the thin films. The morphology of both
the surface and cross-section of the as-deposited thin films
was observed in a Hitachi FEG-SEM S4100 with a spatial
resolution of 1.5 nm. This technique was also used to assess
the thin film thickness by measuring it in the cross-section
observation. The structure was evaluated by X-ray diffrac-
tion (XRD). The XRD spectra were obtained using a Phi-
lips X’Pert with Co radiation (A, = 1.78896 A and
Axan = 1.79285 A), a collimated detector and Bragg—Brent-
ano geometry. All the tests were performed with a step size
of 0.025° and a time per step of 0.5 s. Scratch-test equip-
ment (CSEM Revetest) was used to evaluate the adhesion
of the coatings. The scratch tests were performed under
standard dynamic conditions [19]: diamond tip radius,
R = 0.2 mm; scratching speed, dx/df =10 mm min~!; and
loading rate, dL/dz = 100 N min~'. The load was progres-
sively applied to a maximum value of 70 N. Critical loads
were obtained by averaging the results of four different
scratches. The hardness measurements were performed in
a depth-sensing indentation system Fisherscope H100 with
a Vickers indenter [20]. The tests were conducted at a max-
imum load of 20 mN, which ensured that only the depos-
ited thin films were integrated during the indentation.
The results are the average value of 10 determinations by
sample. The testing procedure, including the correction of
the experimental results for geometric defects in the inden-
ter and thermal drift of the equipment, has been described
elsewhere [21].

The wettability characteristics of both bulk and thin
films were assessed by measuring the static contact angle
of the surfaces with 10 ul of distilled and deionized water
in a DataPhysics QCA-20 apparatus. For each sample, a
minimum of 10 measurements was taken, after allowing
the system (air/water/surface) to reach equilibrium, and
the average value calculated. The values of the contact
angles were used to calculate the water adhesion tension
1%, with 1° = y°cos 0, where 7 is the surface tension of pure
water and 0 is the contact angle value.

3. Results and discussion
3.1. Chemical composition and structural features

The designation, thickness and chemical composition
(EPMA) of SS316L stainless steel thin films co-deposited
with PTFE is listed in Table 1. A clear trend is observed
as the deposition density (dgep) of the PTFE target
increases, and the C/F ratio decreases from 1.7 to 0.1. If
authors are unanimous when the C/F ratio values are
higher than those of bulk PTFE (0.5), this is not the case
when the C/F ratio is <0.5. However, the co-deposition
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Table 1
Deposition parameters and chemical composition (EPMA) of the thin films co-deposited from SS316L and PTFE targets
Film Thickness (um) Power density (W cm’z) Chemical composition (at.%) C/F
316SS PTFE Fe Cr Ni C F Ratio
SF, 0.5 5.1 - 70.7 16.3 9.4 3.6 - -
SF, 0.5 5.1 0.30 64.1 14.2 10.5 7.1 4.1 1.7
SF, 0.6 5.1 0.40 63.9 13.5 7.9 8.9 5.8 1.5
SF; 0.4 5.1 0.50 56.4 12.2 8.3 12.0 11.1 1.1
SF4 0.4 5.1 0.60 46.7 9.9 7.0 16.3 20.1 0.8
SFs 0.5 5.1 0.75 24.4 5.2 3.6 24.4 42.4 0.6
SF¢ 0.7 5.1 0.95 18.9 4.2 3.1 20.2 53.6 0.4
SF; 0.6 5.1 1.25 225 4.7 6.1 5.3 61.4 0.1

of this polymer with stainless steel has never been reported.
In order to evaluate the types of chemical bonds present,
XPS analyses were performed at the surface of the depos-
ited thin films (Fig. 1). The C Is (Fig. 1a) and F 1s
(Fig. 1b) core-level spectra revealed that no peaks were
found that could be identified as the C-F binding energy
of polymeric chains. These results indicate that there is
no formation of oligomeric segments, normally resulting
from the scission of —(CF,),— due to the sputtering of
PTFE. Thus, all the C-F bonds were broken during the
sputtering process, and no recombination occurred at the
substrate, enabling the formation of compounds which
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Fig. 1. (a) C 1s and (b) F 1s XPS core-level spectra of all the deposited
thin films.

are deficient in F with unsaturated bonds [22,23]. In this
study, C, F, Fe and Cr are the main elements present in
the deposition stage. The relative content of each element
and the A/G° of possible compounds determine the result-
ing chemical and phase compositions. The reaction
between C and F is always unfavourable when compared
with the reaction of F with Fe to form FeF, (A/G° =
—668 kJ mol™") [24] and C with Cr to form chromium car-
bides, for example, Cr;Cs (A/GO =—177kJmol™ ") [25]. In
fact, when the PTFE target has a lower power density, the
main compounds found in the 2D-FGM are iron fluoride
(FeF,) and chromium carbides (Cr;C;, CrzC, and
Cr,C;). Fig. 2 shows the high-resolution XPS spectra of
the four elements for the SF; 2D-FGM, which is represen-
tative of the thin films deposited when the PTFE target has
a lower deposition power. The deconvolution of the high-
resolution spectra of all the deposited 2D-FGM permitted
the identification and relative quantification of the com-
pounds present in each thin film. From the F data, it is
clear that the entire quantity of available element is con-
sumed in the formation of FeF, and, when PTFE power
density increases, no FeF; phase was observed, as it is a
very unstable compound. This has been noted by other
authors who deposited iron fluoride thin films from FeF,
and FeF; targets [26]. While in the first case only the
FeF, phase was found, in the second a mixture of FeF,
and FeF; was identified. From the C data, it is possible
to observe that the carbon evolution is different with
increasing PTFE target power density. While the carbon
content increases and the Cr content is >10 at.% (from
SF, to SF,), the main compounds are chromium and iron
carbides. For SF5_although the carbon concentration is the
highest of the evaluated systems (24 at.%), the carbon only
appears in the form of Fe;C and small chains such as
CH,CO. The reason for this change can be attributed to
the low chromium content, which is present in the form
of chromium oxides. In fact, peaks identified as Cr,Oj3
(276.2 ¢V) and CrO; (578.1 ¢V) [27] are present in all the
high-resolution XPS spectra of Cr 2p owing to the fact that
the formation of these compounds is expected (Cr,0Os3,
A,GO = —1058 kJ mol™") [24]. As PTFE target power den-
sity increases further (SFg and SF5) and Cr and Fe decrease
even more, small CH,—CO-type chains and graphite are the
only peaks identified. In these thin films, all the Fe forms
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Fig. 2. High-resolution XPS spectra of the major elements of SF3 sample.

iron fluoride, and no Fe is available for the formation of
Fe;C. Thus, with no Cr or Fe to react with, carbon ‘self-
reacts’ to form graphite, but it is mainly removed from
the sputtering chamber by the pumping system, and this
explains why the C content decreases abruptly in these
two thin films, while F concentration continues to increase.
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Fig. 3. Chemical composition gradient analysed in sample SF4 by XPS in-
depth mode.

XPS analyses also demonstrate that a 2D-FGM was
deposited with a chemical gradient composition through
the thin film thickness (Fig. 3). The fluorine content
increases from the substrate/film interface to the outmost
layer, although the carbon content does not have the same
profile. An increase is observed in the first 100-200 nm near
the substrate, and then the concentration stabilizes. This
occurs simultaneously with the stabilization of the Cr con-
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Fig. 4. Structural evolution with fluorine content evaluated by XRD.
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Table 2
Mechanical properties of the thin films of 316SS co-deposited with PTFE
in inert atmosphere

Film Hardness (GPa) o (GPa) Adhesion (N)
Mean SD Mean SD Mean SD
SF, 11.2 0.3 —0.1 0.05 >70 -
SF, 11.6 0.3 —0.1 0.04 23 2
SF, 9.6 0.3 -1.0 0.3 22 1
SF; 8.8 0.2 -2.2 0.8 >70 -
SF, 8.3 0.3 -22 0.8 61 1
SFs 8.2 0.2 —0.3 0.1 13 1
SFe 8.4 0.5 -0.7 0.2 18 2
SF; 7.5 0.4 -1.3 0.4 2 1

centration. Once again, the presence of C in the com-
pounds of the thin films is regulated by the presence of Cr.

The structural features of the SF thin films are displayed
in Fig. 4. The SF, thin film exhibits a body-centered cubic
(bee) iron structure with a (110) preferential orientation,
in agreement with other authors’ results [28]. SS316L is
known to be an austenitic stainless steel that can transform,
totally or partially, into martensitic steel at temperatures
Md >25 °C if submitted to stress (Md denotes the beginning
of martensitic transformation by deformation). This metal-
lic alloy, when sputtered in a non-reactive mode, gives rise

BE8BNmM

25.0kV X50.80K

to ferritic structures such as in these thin films, for carbon
contents similar to those of the bulk material. However,
as the dge, of the PTFE target increases to 0.6 W cm ™2 an
important increase in carbon occurs, and a face-centered
cubic (fcc) (111) structure is observed. This highlights the
role of carbon as a stabilizing element of the gamma phase
in bulk material (decreasing Md to values lower than room
temperature) and has already been registered in thin films
by other authors [29]. For the envisaged application, where
the presence of ferromagnetic materials is forbidden, it is
necessary to promote this structural transition. The struc-
tural evolution is also accompanied by a decrease in the
apparent crystallite grain size which gradually leads to
amorphization of the structure for the SF, thin film
(F=20at.%). For higher fluorine concentrations, the
ordered structure of the thin films is mainly constituted by
the FeF, phase. The formation of iron fluoride in detriment
of chromium fluoride has also been observed by other
authors who implanted fluoride ions into stainless steel [30].

3.2. Mechanical properties

The mechanical properties evaluated for the as-depos-
ited thin films are listed in Table 2. The highest microhard-

EBBNm

Fig. 5. Surface morphology evolution with fluorine content: (a) SF; (b) SF3; and (c) SF,.



1078 A.P. Piedade et al. | Acta Biomaterialia 4 (2008) 1073—1080

70

7

Bulk SS316L

Ho% /

0 u n

— 1 T T T T T T T T T T T T T T T
40 30 20 10 0 10 20 30 40 50

< (md.m?)

—T—
-60 -50

Fig. 6. Evolution of water adhesion tension of the surface of the
functionally graded coatings.

ness value occurs for the SF; thin film, which corresponds
to the system with the highest chromium carbide content.
As the carbon increases, the hardness decreases owing to
the appearance of the iron carbide phase. This compound
was not detected in the XRD diffractograms, but was
clearly identified during XPS analysis. Also, the ternary
phase diagram of Fe-Cr—C [31] predicts that, for a con-
stant chromium concentration (~13 at.%), the increase in
carbon promotes the formation of Fe;C to the detriment
of chromium carbides. These have greater hardness than
Fe;C (between 10 and 16 GPa for chromium carbides
and 9 GPa for iron carbide [32]), which could explain the
decrease in hardness. Nevertheless, with the formation of
the ceramic phase FeF,, the hardness value was predicted
to attain higher values. But, owing to the brittle nature

of the ceramic material, the reason for these low measure-
ments may be apparent, as the microhardness impression
during the evaluations is surrounded by extensive micro-
cracking of the film. Also for SF6 and SF7, the XPS anal-
ysis highlighted the presence of graphitic carbon, which
also contributes to the decrease in hardness present in these
2D-FGMs.

The residual stress state of the deposited thin films is
compressive, which is expected in sputtered thin films
harder than the substrate. It should be pointed out that
the increase in residual stress in SF3 and SF4 should induce
a martensitic structure, as already mentioned. The high
carbon content is responsible for the inversion of the natu-
ral phase composition, as explained previously. Studies [33]
show that growth stress in sputtered thin films is affected by
deposition parameters such as argon pressure, substrate
bias, deposition rate, substrate temperature and film thick-
ness. In this study, none of the parameters was changed
during the different depositions of the thin films studied.
The compressive nature of the growth stress of these thin
films is appropriate for applications under load, such as
stents.

Another important mechanical characteristic is the
adhesion of the deposited thin films to the substrate, which
was evaluated by a dynamic indentation test. The adhesion
values (Table 2) show that SF; and SF, present excellent
adhesion to the substrate, as is the case with SF,. As the
F content increases, the adhesion values decrease gradually
until a very low value was attained for the SF; thin film.
This behaviour can be attributed to the increased content
of brittle FeF,.

From the evaluated chemical and mechanical properties,
the SF; and SF, thin films are the ones that have the most
suitable characteristics for use in the modification of
SS316L stents.

Fig. 7. SEM image and fluorine elemental map distribution of a stainless steel stent modified with SF4 thin film.
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3.3. Surface characteristics

The surface morphology of representative modified sur-
faces of the SF system is shown in Fig. 5, and it is clear that
the increase in F and C content induces smoother surfaces.
Moreover, with the increase in fluorine content, the cross-
sectional morphology becomes featureless. This densifica-
tion, along with the strong adhesion measured in some thin
films, allows the ‘new’ surface to act as a barrier between
the aggressive biological media and the metallic substrate,
thus preventing corrosion phenomena. It is also clear that
the surface of SF, thin film consists of needle-like grains,
which are typical of a martensitic morphology [34]. The
density of these grains decreases with the increase in power
deposition of the PTFE target, giving rise to the appear-
ance of round grains, characteristic of austenitic
morphology.

The surface topography allows the wettability of the 2D-
FGM to be measured without constraints induced by high
roughness values, which have a dramatic influence on the
contact angle results. The contact angle value with pure
water (with 9° values very similar to simulated body fluids)
can be used to determine water adhesion tension
(z° =9%cos 0) [35]. The ability of the ‘new’ surface to acti-
vate the blood plasma coagulation cascade, protein adsorp-
tion and the attachment of cells can all be predicted using
this parameter derived from the water contact angle. The
surfaces of interest for the final objective of this work
should have 7° below the Berg limit (° <30 mJ m~2) so
that they support some protein adsorption, inhibit the
coagulation cascade and are not favourable for cell attach-
ment. All the modified surfaces have 7° values below the
Berg limit, unlike the bulk SS316L (Fig. 6), thus a reduc-
tion in restenosis and thrombus formation on the ‘new sur-
faces’ can be predicted when compared with the bulk
material. The indications given by these characterizations
are currently being tested in dynamic protein adsorption
tests as well as in vitro by cell culture. If the results match
the predictions made from the 7° values, this could be used
as a rapid screening test before the usual in vitro tests.

4. Conclusions

Thin films of 316L stainless steel were successfully co-
deposited with PTFE by RF magnetron sputtering onto
SS316L substrates and were characterized in the as-depos-
ited state. The thin films were deposited according to a
chemical gradient strategy (2D-FGM) in order to optimize
the deposition parameters that lead to excellent adhesion
between the thin film and the underlying substrate. Depend-
ing on the deposition parameters, adhesion >70 N was
obtained. All the new surfaces exhibited compressive inter-
nal stress, which is compatible with the expansion/flexion of
modified stents. With increasing dg4., of the PTFE target,
the main structure evolves from o-Fe+ Cr,C, —
y-Fe + Cr,C, + Fe;C + FeF, — y-Fe + FelF, + C,,. The
thin film that had chromium carbides but no iron carbide

exhibited the greatest hardness (~12 GPa). All the thin films
exhibit water adhesion tension values (z°) lower than the
Berg limit (z° =30 mJ m 2), which are promising results
for the application of these surfaces to prevent restenosis
and thrombus formation at the site of stent implantation.
From all the deposited and characterized surfaces, the SF3
and SF,4 seem to be the most appropriate for the envisaged
application. Moreover, the chosen technology is effective in
the surface modification of a real 316L stainless steel stent,
which is clearly revealed by the fluorine elemental map dis-
tribution (Fig. 7).
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