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Abstract

Hybrid functionally graded coatings (2D-FGC) were deposited by magnetron co-sputtering
from poly(tetrafluoroethylene) (PTFE) and AISI 316L stainless steel (316L) targets. The
carbon and fluorine content varied from 7.3 to 23.7 at.% and from 0 to 57 at.%, respectively.
The surface modification was developed to change the surface of 316L vascular stents in
order to improve the biocompatibility of the outmost layer of the metallic biomaterial. In-
depth XPS analysis revealed the presence of a graded chemical composition accompanied by
the variation of the film structure. These results were complemented by those of transmission
electron microscopy (TEM) analysis that highlighted the nanocomposite nature of the
coatings.

The nanomechanical characterization of 2D-FGC was performed by nanoindentation at
several loads on the thin films deposited onto two different steel substrates: 316L and AISI
M2. The study allowed establishing 0.7 mN as the load that characterized the coatings
without substrate influence. Both hardness and Young modulus decrease with the increase of

fluorine content due to the evolution in chemical composition, chemical bonds and structure.

Keywords: Functionally graded coating; Stents; Nanocomposite; Hybrid polymer/metal;

Nanoindentation.
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1. Introduction

Functional graded materials (FGM) are defined as engineered materials that present gradual
transitions in microstructure and/or chemical composition [1,2]. Abrupt transitions in material
properties induce undesirable stress concentrations that can compromise structural
performance. In nature, these problems are controlled by gradually varying the material
behavior through a structure, i.e, by developing functional graded materials.

This approach is appropriate when coating a bulk material with a thin film in order to
increase the mechanical and chemical compatibility between coating and substrate. The
authors have used the bio-inspired approach to deposited functional graded coatings (2D-
FGC) from poly(tetrafluoroethylene) (PTFE) and AISI 316L stainless steel (316L) onto 3161
vascular stents [3,4]. The aim was to improve biocompatibility of stents with a polymeric
outmost layer, which was confirmed by preliminary in vitro tests [5], combined with
mechanical resistance to withstand the stent expansion upon deployment, but without creating
interface stresses between the coating and the thin film. In the published work the mechanical
properties were evaluated by micro-harness. However, for 2D-FGC with thickness varying
from 400 to 700 nm the use of nanoindentation would constitute a more valid approach.

The first paper related with nanoindentation dates from 1990, where the authors determined
the hardness and Young modulus of (Ti, AI)N and (Ti, Nb)N coatings. Even then the
researchers were aware that some post indentation corrections were needed [6]. In fact, one of
the problems associated with the evaluation of hardness in thin films is the integration of the
substrate values in the indentation results. Some researchers analyzed, by transmission
electron microscopy, the influence of the indentation at several loads on the cross-section of a
TiN thin film deposited in different substrates. However, they could not identify the

maximum load that only integrated the contribution of the coating for all substrates [7]. A
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theoretical approach with some mathematical models was also developed for coated surfaces,
but they are not unanimous accepted [8-11].

Furthermore, the current demanding for miniaturization of mechanical components led to a
new emphasis of their analysis, for which nanoindentation is a powerful tool. The evaluation
of the mechanical properties of silver or metallic glass nanowires, or even copper oxide
nanocubes demonstrates the degree of accuracy of this technique [12,13]. Also, the use of this
technique for the mechanical characterization of nanocomposites sputtered thin films is an
usual approach, regardless of the technique used to deposit the coatings[14-16].

The use of nanoindentation for the characterization of functional graded thin films is
exploited for several applications such as protection against metal dusting [17], high speed
cutting tools [18] or protection of martensic steel for reactors [19]. However, it was not
possible to find any work concerning the nanomechanical characterization of functionally
graded coatings for biomedical applications although many studies concerning the use of
nanoindentation on the characterization of functionally graded biological materials such as
bone [20,21] and dental enamel and dentin [22,23] have been published.

Thus, the used of nanoindentation to mechanically characterize 2D-FGC for biomedical
applications with less than 1 um of thickness, with a nanocomposite structure, and with a
progressively shifting chemical composition from the interface film/substrate up to the
outmost layer, is a challenging study. The difficulty is enhanced when one of the materials
that constitute the thin film is the same as the substrate. In this paper we wish to report a
procedure to characterize the mechanical behavior of 2D-FGC by nanoindentation. Briefly,
several tests were made, with different loads on the same film which was deposited on two
different steel substrates. When both hardness and Young modulus converged to similar
values, it was possible to evaluate the mechanical properties of the thin films without

substrate influence.
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2. Materials and methods

2.1. Deposition technique

Functionally graded thin films (2D-FGC) were deposited using a radiofrequency (r.f.) power
supply of 1000 and 500W, branched to the two assisted magnetron targets and substrate
holder, respectively. 316L stainless steel and PTFE targets with 100 mm in diameter were
used. The parameters used in the deposition were: 10 Pa ultimate vacuum pressure; 5.1 W
cm™ discharge power densities for 316L target and from 0 to 1.3 W.cm™ for PTFE target; 0.7
Pa total discharge pressure; and 15 min deposition time. The thin films were deposited onto
glass lamellae (Ra = 0.002 pm), 316L stainless steel 10x10mm” and 12mm of diameter AISI
M2 steel substrates. The metallic material was polished with SiC paper grit down to 4000
mesh and with 1-pm-grain-size diamond paste to Ra = 0.02 pm. The substrate holder was
placed directly over the 316L target in order to allow the sputtered steel to directly form the
first layers of the coating due to the retarded arrival of the species sputtered from PTFE

target.

2.2. Characterization techniques

The XPS analyses were performed in a VG-ESCLAB 250iXL spectrometer. The pressure in
the analysis chamber was kept below 5x10"* Pa and the analysis were performed using
monochromatic radiation Al-Ko (hv=1486.92 eV). The photoelectrons were collected with
an angle of 90° with respect to the surface of samples. The energy step was of 20 eV for the
survey spectra and of 0.05 eV for the high-resolution spectra. The XPS was also used for the
in-depth analysis of the thin films. The chemical compositions were obtained using the

sensitivity factor of the Scofield library.
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TEM analyses were performed on a Tecnai G2 microscope. The samples were cutted from a
coated 316L AISI stainless steel thin foil with 0.1mm thickness, electro-eroded and finally
thinned by ion milling in a Gatan Duo Ion Mill 600DIF.

Adhesion of the thin films to the AISI M2 steel substrate was evaluated by scratch test which
was performed with and CSEM — REVETEST with an increment of 10 N.s" and a limit load
of 70 N.

Nanoindentation was performed using the Micro Materials NanoTest system, in the load
control mode. Several loads (40, 20, 15, 10, 5, 1.5, 0.75 and 0.30 mN) were applied on the
thin film deposited on two different substrates: AISI M2 Steel and AISI 316L stainless steel.
The method for obtaining the hardness and Young modulus from the loading/unloading
curves has already been described elsewhere [24,25]. The load rate was tuned so that each
test would last about 30 s, with 5 s hold period at the maximum load and 30 s hold period,
during unloading, at 10% of the maximum load, for thermal drift correction. A minimum of
20 indentations were performed at each maximum load, using a Berkovich indenter. The
factor used was 1.034 and the area function Area= A+B-hc+C-hc?> where A, B and C are
variables which were calculated from the calibration tests with a fused silica standard, with a

hardness of 8.8 GPa, and a Young modulus of 72 GPa.

3. Results and discussion

The chemical composition, thickness and designation of the deposited 2D-FGC are
summarized in Table I. The results show that the increase of power density on the PTFE
target induced the augmentation of carbon and fluorine content, although the C/F ratio

decreased from 1.7 to 0.2. This fact is explained by the Gibbs’ free energy values (AG®, in

kJ .mol'l) for the formation of the metallic fluorides (AfGO (FeF) = -668; AG° (NiF,) = -604;
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AG® (CrF3) = -1088) which are thermodynamically more favorable than the carbides
formation (A{G (Cr7C3) = -177; AG® (FesC) = +20) [26,27]. By increasing the power density
on the PTFE target more C and F are ejected and available for the formation of the
compounds. With the increase uptake of F for the formation of the metallic fluorides more
carbon is left unreacted and is, probably, evacuated by the pumping system of the deposition
equipment.

The in-depth XPS analysis of the samples demonstrated a chemical composition gradient
through the thickness of the films, as exemplified in Figure 1 for Fe survey of sample F4.
After peak deconvolution, the in-depth analysis also revealed that due to the continuous
variation of the chemical composition the phasic composition also presents a gradient through
the thickness of the coating, as previously described [3].

TEM analysis revealed that all thin films, with the exception of F6 and F7, present a
nanocomposite structure as exemplified in Figure 2. The combination of the XPS results with
TEM structural analysis allowed establishing a relation between the main compounds and the
fluorine content of each thin film (Figure 3). The compounds present in all the 2D-FGC,
although with varying concentrations, are iron carbide and iron and chromium difluorides.
The chromium carbides content decrease from FO to F4 and was not detected for samples
with higher fluorine content. In these latest, the presence of the metallic fluorides NiF,, FeF3
and CrF; along with graphitic carbon induces changes in the properties of the thin films. In
fact, the adhesion of 2D-FGC to M2 substrates highlights this fact: only the samples with low
fluorine content present cohesion failures (Lc1) although the same group of samples present
the higher values of adhesion to the substrate, Lc2 >70N (Table II and Figure 4). As pointed
out by some authors the quantitative adhesion measurement is a complex process even for a
single monolithic coating [28], consequently the difficulty for the understanding the behavior

of functional graded thin film increases. For FO coating high values of Lc2 were expected due
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to the chemical compatibility of a steel thin film deposited onto a steel substrate. For the
lower fluorine contents (F1 and F2) it seems that the introduction of the new chemical
elements, with the formation of a nanocomposite structure and the presence of new chemical
compounds, induces a very strong cohesion of the thin film at the expenses of lowering the
coating/substrate deformation resistance and, consequently, the Lc2 value. The optimal
compromise between these two apparent contradictory factors occurs for the thin film with
8.8 at.% of fluorine, F3. In fact, for coatings with higher fluorine contents, as the percentage
of carbides decease and the content in metallic fluorides increases, promoting a new change
in structural and chemical composition, no cohesion failures were detected but the Lc2 values
were lower than the previous registered. This fact is related with the increase chemical
disparity between the substrate and the coating as the fluorine content increases. As the
chemical composition, structure and grain sizes vary from FO to F7 sample it is difficult
interpreting the results expecting a continuous variation of the critical loads with fluorine
increase, due to the fact that more than one property varies from one sample to the next.
Considering the characterization performed so far, the best coating for the envisaged
application of modifying the surface of 316L vascular stents is F3.

The nanoindentation characterization allowed observing (Figures 5-8) that, in all tests, as the
indentation depth increased the Young modulus of the samples diverged from the modulus of
the coating to the substrates values (Hardness: M2=8.8+0.30GPa, 3161L.=4.76+0.37GPa;
Young modulus: M2=200+£16GPa, 316L=188+12GPa). The value of the divergence point
varied from sample to sample due not only to the different chemical composition but also due
to different thin film thickness as reported by other authors [7]. In fact, for samples FO and F4
with similar thickness (Figures 5 and 7) this feature is observed for indentation depths higher
than 84 nm, while for F6 coating (approximately 700 nm thick) (Figure 8) it is only visible at

nearly 400 nm. It has been demonstrated that for oxide, oxynitride and fluoride glasses, the
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Young modulus depends mainly of the chemical composition and the chemical bonding
between atoms [29-31]. However, in this work almost all the 2D-FGC are nanocrystalline,
unlike glasses which are amorphous. The contribution of the grain boundaries to the decrease
of Young modulus when the grain size is lower than 30 nm has been reported [32]. On the
coating without PTFE, FO (Figure 5), the Young modulus is constant and similar to the bulk
316L. In fact, although the grain size is different the chemical compositions of the bulk and
the deposited 316L are similar. The thin film with lower fluorine concentration, F1 (Figure
6), although with nanometric grain size, present an evolution of the Young modulus that can
be attributed mainly to the chemical composition and chemical bonds. F4 coating (Figure 7)
presents a more intense chemical gradient through the thickness of the film associated with
the variation of the grain size from the substrate interface to the outmost layer (Figure 2b).
This indicates that the evolution of the Young modulus values with increasing indentation
depths can be influenced by both the chemical composition and the grain boundary effect.
For the samples with higher fluorine content (Figure 8) the grain size dimensions imply a
negligible contribution for the grain boundary effect. Thus, its behavior through the
nanomechanical characterization is mainly due to the chemical composition.

The hardness, unlike the Young modulus, is more sensitive to the microstructure, as
suggested by some deformation models of nanoindentation [33,34] and by the Hall-Petch
relationship [35]. In 316L thin film (FO-Figure 5) the hardness is higher than the one of the
bulk 316L which can be attributed to the smaller grain size [35]. The co-deposition at the
lowest PTFE power density (Figure 6) does not bring any changes in the hardness evaluation.
In fact, this result was expected as both the chemical composition and microstructure are very
similar to FO coating. Also, in both these systems, the evaluated mechanical properties are
independent from the substrates as, for lower indentation depths, the values are very similar.

However, the hardness analysis of the thin films with fluorine contents higher than 9 at.%
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must also take in consideration the change of the structure from ferrite (bcc) to austenite (fcc)
[3,4]. In fact, the appearance of the former crystallographic phase is mandatory for the
envisaged application where the presence of magnetic properties is prohibited. The bcc
structure is harder that the fcc which contributes to the slight decrease observed. Also the
microstructural compatibility between the deposited thin films and the substrate is higher for
316L (fcc) than for M2 (bcee). This fact is highlighted by the small difference observed, even
for low indentation depths, between the films deposited on the two substrates (Figure 8). For
the highest fluorine contents the presence of higher concentrations of graphitic carbon is
responsible for the hardness decrease.

In order to compare the hardness and Young modulus variation with the overall fluorine
content of the deposited 2D-FGC the values at 0.7mN load were considered (Figure 9). This
load allows comparing the results that incorporate the highest volume of the coating without
the 316L substrate influence. The increase of the power density on the PTFE target, and
consequent change from metallic to ionic chemical bonds is related to the decrease of the
Young modulus. The hardness values can be divided in three zones according to Figure 9: I —
major contribution of sputtered 316L bcc structure; II — contribution of fcc 316L structure
and a decrease of the carbides presence; Il — brittle ceramic compounds with the presence of

graphitic carbon.

Conclusions

Co-sputtering of 316L stainless steel and PTFE allowed obtaining a chemical/structure
gradient over the thickness of the deposited thin films. The nanoindentation of the coatings
deposited on two steel substrates with different mechanical properties enable the
determination of the indentation depth at which substrate influence become relevant, and thus

distinguish it from the 2D-FGC value. After this preliminary study it was possible to select
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the load value of 0.7 mN as appropriate to evaluate the mechanical properties of the deposited
2D-FGC, without substrate influence.

The increase in fluorine content induced a decrease in Young modulus from 180 to 80 GPa
and a decrease of hardness from 8.5 to 6 GPa. For the highest fluorine concentration both
Young modulus and hardness values decreases abruptly due to the presence of graphitic

carbon.
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Figure captions

Figure 1. Chemical gradient of sample F4 analyzed by XPS in-depth mode with indication of
the analysis depth

Figure 2. Representative TEM bright field images and electron diffraction patterns of
coatings: a) F1; b) F4 and c) F6

Figure 3. Schematic representation of the main compounds present in the deposited thin

films: variation with fluorine content.

Figure 4. Optical micrographs of the scratch test (bar=20 um). F1 at 70N (1a) and 20 N (1b);
F3 at 70N (2a) and 50N (2b); F7 at 70N (3a) and 3N (3b).

Figure 5. Influence of indentation depth on FO hardness and Young modulus values (open

circles: M2 substrate; close circles: 316L substrate).

Figure 6. Influence of indentation depth on F1 hardness and Young modulus values (open

circles: M2 substrate; close circles: 316L substrate).

Figure 7. Influence of indentation depth on F4 hardness and Young modulus values (open

circles: M2 substrate; close circles: 316L substrate).

Figure 8. Influence of indentation depth on F6 hardness and Young modulus values (open

circles: M2 substrate; close circles: 316L substrate).

Figure 9. Hardness (close squares) and Young modulus (open squares) as a function of the

fluorine content, of the 2D-FGC deposited on 316L substrate, with 0.7mN load.
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Table 1. XPS chemical composition, thickness and designation of the deposited thin films

Chemical composition (at.%)

Sample deigf (%\‘;zf;_z) Th(l:knzess F C Fe C Ni Mo CfF
FO 0 0.5 0 73 574 267 70 16 -
F1 0.30 0.5 41 70 632 170 77 10 17
2 0.40 0.6 57 87 630 139 77 10 15
F3 0.50 0.4 88 123 590 119 71 09 14
F4 0.60 0.4 188 206 358 96 41 L1 07
F5 0.75 0.5 411 228 404 68 09 05 04
F6 0.95 0.7 477 237 207 45 29 06 05
F7 1.25 0.6 570 110 276 60 23 03 02
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ACCEPTED MANUSCRIPT

Table 2. Cohesive and adhesive failure values determined by scratch test.

LCI(N) LC2(N)

Sample mean s.d. mean @ s.d

FO 68 1.8 >70 -

F1 n.d. -- 23 1.2
F2 n.d. -- 22 1.7
F3 56 32 >70 --

F4 n.d. -- 13 1.9
F5 n.d. -- 30 2.7
Fé6 n.d. -- 19 29
F7 n.d. -- 2 0.9

n.d. — not detected
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We produced functional graded coatings from steel and polymeric materials
The gradation is both in chemical and structural composition through the thickness
Nanoindentation of the coatings was made on two different steel substrates

At 0.7 mN load the mechanical properties values converge
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