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trahedral amorphous carbon (ta-C:P) films are deposited on biomedical titanium
alloy (Ti6Al4V) by filtered cathodic vacuum arc technique. The structural properties of ta-C:P films are
evaluated by X-ray photoelectron spectroscopy and Raman spectroscopy. Potentiodynamic polarization tests
are employed to assess the corrosion performances of ta-C:P coated and uncoated Ti alloys in 0.89 wt.% NaCl
solution. In vitro platelet adhesion measurements are performed to investigate the blood compatibility of ta-
C:P films. Results indicate that phosphorus incorporation increases the corrosion resistance of ta-C films.
More positive breakdown potential and lower corrosion current density than those of Ti alloy are observed
for ta-C:P films. Lower platelet adhesion and activation demonstrate the enhanced haemocompatibility of Ti
alloy coated with ta-C:P films. The improved interaction between ta-C:P films and biological environments is
attributed to structural changes of the films after phosphorus introduction.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Amorphous carbon (a-C) and tetrahedral amorphous carbon (ta-C)
have attracted considerable attention as biomedical implant coatings
[1–7] and bioelectronic devices [8–10], such as biosensors for in vivo
detection, due to their excellent mechanical properties, low coefficient
of friction, good biocompatibility, high wear resistant, long-term sta-
bility and chemical inertness against aggressive media including blood.
However, the filmwith rich-sp3 fraction has high intrinsic compressive
stress,which severely harmsfilm adhesion to biomedical substrates and
limits film practical application [11]. Moreover, the film prepared by
physical or chemical phase deposition technology is usually porous [12].
These pores become the channels of chemical solution permeating into
the film and dissolving the substrate. To obtain biocompatible a-C film
with high corrosion resistant and good adhesion,many techniqueswere
developed during the film deposition. Plasma-surface modification,
such as plasma immersion ion implantation technique was an effective
approach to meliorate surface and interface characteristics of materials
[13]. With amorphous silicon or SiC as an intermediate layer, graded a-C
+86 451 86417970.
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films showed good adhesion onmetal implants [11,14–16]. Furthermore,
impurity dopingwasoneof the promisingmethods to enhance adhesion
strength and corrosion resistance of films. Many efforts were devoted to
the introduction of additional elements, such as fluorine, nitrogen,
siliconandmetals into carbonaceous structures to improve thebiological
compatibility [17–22] and anticorrosive ability of films [23–27].

As a composition of life, phosphoruswas incorporated intodiamond-
like carbon film and the resulted material was compatible with blood
[28]. Previous studies also reported the application of conductive phos-
phorus doped a-C (a-C:P) film in semiconductor devices [29–31] and
showed the potential capability of phosphorus incorporated tetrahedral
amorphous carbon (ta-C:P) film as an electrochemical electrode [32].
Considering the acceptability of ta-C:P film for in vivo detection, cor-
rosive resistance and blood compatibility should be designedly
evaluated. However, not much attention is paid to the investigation of
corrosion behavior when phosphorus is incorporated into carbon films,
although the property is of very importance for the use of materials in
either chemical or biological environment.

In the present work, ta-C:P films are synthesized on biomedical
titanium alloys by filtered cathodic vacuum arc (FCVA) technique.
FCVA is one of the favorable methods to prepare ta-C films with
excellent mechanical properties and biocompatibility [33,34]. PH3

widely used in the semiconductor industry is adopted as the dopant
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Table 1
Deposition parameters of ta-C and ta-C:P films with different phosphorus contents
obtained from XPS analyses

Material PH3 flow rate
(sccm)

PH3 partial
pressure (Torr)

Cathode
current (A)

Substrate
bias (V)

P/ (P+C)
(at.%)

ta-C 0 0 60 −80 0.0
ta-C:P-1 2 8.2×10−6 60 −80 2.9
ta-C:P-2 8 6.4×10−5 60 −80 5.8
ta-C:P-3 15 1.2×10−4 60 −80 8.1

The relative error of all data is less than 5%.

Fig. 1. XPS spectra of ta-C and ta-C:P films with 8-sccm PH3 introduced.
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source. X-ray photoemission spectroscopy (XPS) and Raman spectro-
scopy are performed to assess the components and microstructures of
ta-C:P films. The corrosion performances of ta-C:P films are examined
by potentiodynamic polarization measurements in 0.89 wt.% NaCl
solution. The surface morphologies of the films after corrosion tests
are discussed via scanning electron microscopy (SEM). The platelet
behaviors including adhesion, spreading andmorphology are assessed
by in vitro platelet adhesion and activation experiments, SEM and
computerized image analysis. This studymay be helpful in guiding the
selection of materials for the application in blood-contacting devices.

2. Experimental details

2.1. Film preparation

Biomedical titanium alloy (Ti6Al4V) was used as the substrate and
reference material. Ti alloy specimens were cut into cylinders, 10 mm
in diameter and 2 mm in thickness. Then the specimens were ground
and polished to obtain amirror-like surface, and cleanedwith acetone,
ethanol and distilled water in an ultrasonic cleaner.

ta-C and ta-C:P films with the thickness about 200 nm were de-
posited on silicon and Ti alloy substrates by FCVA system described
elsewhere [32]. Before deposition, the substrates were placed in the
plasma working chamber and etched with argon plasma for 10 min
to eliminate the natural oxide layer. Three ta-C:P filmswere prepared by
controlling the flow rate of PH3 gas (purity 99.9999%) during the de-
position. Details of experimental parameters were displayed in Table 1.

2.2. Film characterizations

XPS analysis was made using a PHI ESCA 5700 spectrometer with
Al Kα (1486.6 eV) as the X-ray source. XPS core level spectra of C 1s and
P 2p were scanned at 0.125 eV step with a pass energy of 30 eV.
Surface chemical compositions of the films were analyzed and quan-
tified for phosphorus and carbon elements from the peak areas cor-
responding to P 2p and C 1s spectra and the sensitivity factors of
instrument:

kX ¼ AX

SX

� �
=
XN
i¼1

AX

SX

� �

where X is the element; AX is the area of peak for element X; SX is the
sensitivity factor for element X. Raman analysis over the range from
800 to 2000 cm−1 was performed at room temperature on a Jobin
Yvon Labram HR 800 spectrometer with 458-nm Ar+ laser as the
excitation source.

Potentiodynamic polarization experiments were carried out on a
computer-controlled potentiostat (PARSTAT 2273, USA) in 0.89 wt.%
NaCl solution (pH 7.4) at 37 °C. A conventional three-electrode system
consisted of saturated calomel electrode (SCE) as reference electrode
and platinum as counter electrode. The uncoated and coated Ti alloys
were employed as the testing specimens with their edges and back-
sides sealed by O-ring resins. Potentiodynamic polarization curves
weremeasured at a rate of 1mV/s after the specimens were immersed
in the experimental solution for 6 h under open circuit conditions.
Surface morphologies of all specimens after corrosion tests were ex-
amined by SEM (HITACHI S-4700, Japan).

In vitro platelet adhesion experiments were conducted using
human whole blood taken from a healthy donor. After centrifugation,
red cells and platelets were separated and platelet-rich plasma (PRP)
was obtained. Three identical samples of per material were cleaned
and incubated in PRP for 60 min at 37 °C. After rinsing, fixing, and
critical point drying, all samples were studied using SEM.

Two parameters were chosen to evaluate spreading and morphol-
ogy of platelets on the materials. The degree of platelet spreading on
material surfaces was assessed by the index of platelet size (S) which
was defined as the ratio of area coverage of platelets (Ap) in a
randomly sampled area to the number of individual platelets (N) in the
same area: S=Ap/N. Platelet morphology was evaluated by circularity
index (C) proposed by Park [35]: C=P2 /4πA, where P and A were the
perimeter and area of platelets, respectively. For obtaining these two
parameters, image analysis software was used to distinguish the
labeled platelet cytoskeletons from the background andmeasure their
areas and perimeters.

2.3. Statistical analysis

Platelet adhesion on ten fields (1.21×10−2 mm2 per field at a mag-
nification factor of 1000) for per sample of per material was quantified
and the average counts from the thirty fields were evaluated by
stereological analysis [36] and computer-aided image analysis software.
Comparison of the results between different materials used the analysis
of variance (ANOVA) with a statistical difference of pb0.05 or pb0.01.

The area and perimeter of adhered platelets were measured on
three parallel samples per material. The averages of platelet areas and
circularity indexes were compared between different materials using
ANOVA (pb0.05 or pb0.01).

3. Results and discussion

3.1. Microstructures of ta-C:P films

Fig. 1 shows a typical XPS overview of ta-C and ta-C:P-2 films. The
peak centered at 285.5±0.2 eV is caused by the photoelectrons excited
from C 1s spectra. A slight shift of C 1s spectrum towards a lower
binding energy is detected by the addition of phosphorus. The two
peaks located at 132.4±0.2 eV and 189.5±0.2 eV are attributed to P 2p
and P 2s spectra, respectively. An oxygen signal at 533.2±0.2 eV is the
result of air exposure during the experiment and sample transport.
The content of phosphorus over the sum of phosphorus and carbon



Fig. 4. Polarization curves of uncoated and ta-C and ta-C:P coated Ti alloys in 0.89 wt.%
NaCl solution.Fig. 2. Raman spectra of ta-C and ta-C:P films with different phosphorus contents. Thin

solid lines are the measurements; dash lines are fitted D and G peaks.

1410 A. Liu et al. / Materials Science and Engineering C 28 (2008) 1408–1413
(P/ (C+P)) is observed to increase from 0 to 8.1 at.% as the flow rate of
PH3 increases from 0 to 15 sccm (Table 1).

Raman spectra of ta-C and ta-C:P films shown in Fig. 2 illustrate
that the lineshapes of all spectra are similar and demonstrate the
amorphous structures of the films. The peak centered at about 980±
2 cm−1 is the second-order peak of silicon.We fit the asymmetric first-
order band of carbon between 1000 and 1800 cm−1 with D peak cen-
tered at about 1370±5 cm−1 and G peak centered at 1560±15 cm−1.
When PH3 flow rate varies from 0 to 15 sccm, the intensity ratio of D
and G peaks, ID/IG, exhibits a slight increase from 0.20 to 0.37, ac-
companied with a pronounced fall in the full width at half maxi-
mum (FWHM) of G peak from 219.2 to 173.1 cm−1 (Fig. 3). The increase
of ID/IG ratio indicates an increased content of sp2-hybridized carbon
atoms in the film and the clustering of sp2 groups, especially, an evo-
lution of sp2 configurations from olefinic groups to rings [37]. This
result is practically identical to the downshift of G peak from 1574.8 to
1551.0 cm−1 because aromatic bonds are longer than olefinic bonds in
chains and hold lower vibration frequencies [37]. The lower FWHM of
G peak at higher phosphorus content may result from the removal of
strain in bond angle and bond length due to the stress relief of ta-C:P
films [38].

3.2. Electrochemical corrosion behavior

Fig. 4 shows the potentiodynamic polarization curves of Ti alloys
uncoated and coated with ta-C and ta-C:P films in 0.89 wt.% NaCl
Fig. 3. ID/IG ratio and FWHM of G peak for ta-C and ta-C:P films.
solution. The corrosion potential (Ecorr), breakdown potential (Ebrk)
and corrosion current density (Icorr) of all materials obtained from the
curves are summarized in Table 2. It can be seen that Ecorr and Ebrk of
ta-C film are higher and Icorr is one order of magnitude lower than
those of Ti substrate. More obvious changes in Ecorr, Ebrk and Icorr can
be observed for ta-C:P films. The whole polarization curves of ta-C:P
films move to the region of higher potential and lower current density
after the incorporation of phosphorus. ta-C:P-1 film remains in passive
state within a broad potential range from 223 to 1800 mV before the
critical pitting potential, Ebrk is reached. After that the anodic current
density of ta-C:P-1 film increases steeply, indicating the breakdown
of ta-C:P-1 passive layer. In contrast, passive regions of ta-C:P-2 and
ta-C:P-3 films are narrower. ta-C:P-2 is not completely destroyed but
exhibits localized breakdown at the potential about 1300 mV, and ta-
C:P-3 film represents the quickest failure among the three ta-C:P films.
In general, the material with lower Icorr and higher Ecorr indicates
better corrosion resistance. This hints that the anticorrosive perfor-
mances of these specimens satisfy the rule: ta-C:P-1N ta-C:P-2N ta-C:
P-3N ta-CNTi. Ti alloy is therefore effectively protected due to the
existence of passive ta-C:P films which may provide pronounced
resistance to pitting and crevice corrosions in the biological solution.

The analysis of polarization resistance (RP), total porosity (Pt) and
protective efficiency (Pi) for ta-C and ta-C:P films (Table 2) using the
method provided by Mattes [39] and Kim [15] also confirms the
conclude mentioned above. The surface of Ti alloy after potentiody-
namic polarization tests represents severe pitting corrosion and
copious pitting holes (Fig. 5a and b). When ta-C film is coated on Ti
alloy, the RP increases and Pt decreases for ta-C/Ti specimen in terms
of the contribution of high-sp3-content, low-conductive compact ta-C
film. ta-C therefore demonstrates less pitting corrosion and higher
chemical inertness to Cl ions (Fig. 5c and d). However, the existent
Table 2
Results obtained from potentiodynamic polarization curves of uncoated and coated Ti
alloys

Material Ecorr (mV) Ebrk (mV) Icorr (A/cm2) RP (MΩ cm2) Pt (%) Pi (%)

Ti alloy −326 504 2.19×10−7 0.33 – –

ta-C 31 733 4.68×10−8 2.16 0.47600 78.63
ta-C:P-1 223 N1800 1.15×10−8 9.73 0.00437 94.75
ta-C:P-2 150 N1300 2.24×10−8 4.79 0.01177 89.77
ta-C:P-3 82 N980 3.89×10−8 2.42 0.07595 82.24

The relative error of all data is less than 5%.



Fig. 5. SEM pitting micrographs after polarization tests: (a) and (b) for Ti alloy; (c) and (d) for ta-C film; (e) and (f) for ta-C:P-1 film.

Fig. 6. Number and area coverage of adherent platelets on different surfaces.
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micropores, especially, open pores in ta-C surface, will act as initial
sites for the breakdown of passive layer after a long-term dipping [40].
The galvanic corrosion can be established under the difference of
electrochemical potentials between the film and the substrate when
Cl ions reach the interface of Ti-ta-C [16]. As a small quantity of
phosphorus (b3 at.%) is incorporated in the carbon network, a slight
change in the bonding structure occurs. A sharp decrease in Pt and a
notable increase in RP are observed for ta-C:P-1/Ti specimen.
Furthermore, the compressive stress in ta-C:P-1 film is released [38],
which might play a significant role in the improvement of adhesion
strength between ta-C:P-1 and Ti substrate. Therefore, the localized
defects including micropores in the interface may decrease and the
penetration of solution may be restrained availably [41]. The mor-
phology of ta-C:P-1 film after corrosion test hints its destruction
through less but bigger holes compared with ta-C film (Fig. 5e and f).
This can be explained by the suggestion that less pinholes and smaller
anodic area of ta-C:P-1 film make the corrosive attack to the re-
maining pinholes heavier [29,42]. With the further increase of phos-
phorus fraction in ta-C film, the content of sp2-hybridized carbon
atoms remarkably increases, as discussed in Section 3.1. The graph-
itization of bonds destroys the compact structure and enhances the
Pt of film and the probability of pitting corrosion. Therefore, low-
phosphorus ta-C:P-1 film with lowest Pt and highest RP provides the
most efficient protection to Ti alloy and represents the best corrosion
resistance.



Fig. 7. Indexes of size and circularity for platelets adhered on different surfaces.
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3.3. Platelet adhesion and activation

For biomedical implants contacting with blood directly, a key issue
is to evaluate their ability to prevent thrombus formation. It is gen-
erally known that platelet adhesion, activation and aggregation on
Fig. 8. Morphology of adherent platelets on (a) Ti alloy; (b)
implant surfaces exposed to blood play an important role in the for-
mation of a thrombus. Therefore, in vitro analysis of platelet proper-
ties is usually performed as a first assess for the haemocompatibility of
a surface.

Fig. 6 plots a statistically average count and area coverage of
adherent platelets in the sampled area of 1.21×10−2 mm2 at 60-min
incubation time. The numbers of adhered platelets on Ti alloy and ta-C
surfaces are about 210 and 60 at the same area, significantly higher
than those attached to ta-C:P films. A similar trend is observed from
the variation of area coverage of platelets on all surfaces, namely
TiN ta-CN ta-C:P-3N ta-C:P-2N ta-C:P-1. This can be further explained
from the activation degree of platelets on material surfaces. According
to Goodman [43], platelet activation can be assessed by spreading
degree of platelet which is related with S. S is therefore reliable in the
qualitative estimation of platelet activated state. For Ti substrate, a
high degree of platelet coverage combined with a low number of
individual platelets (namely high S value as shown in Fig. 7) implies
the early spread and activated state of platelets. ta-C filmwith a lower
S indicates less activated action to platelets compared with Ti alloy.
When b6 at.% phosphorus is introduced into ta-C film, the area cov-
erage of platelets decreases remarkably. ta-C:P-2 with smallest S
shows the lowest platelet spreading and activation. However, 8.1 at.%
phosphorus leads to a decrease in the compatibility with blood. This
ta-C; (c) ta-C:P-1; (d) ta-C:P-2 and (e) ta-C:P-3 surface.
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may be ascribed to the lower sp3/sp2 ratio of ta-C:P-3 film. The graph-
itized structure decreases the proportion of polar component in sur-
face energy, which makes the activation of platelets on the surface
stronger [5].

Additionally, morphological change of adherent platelets is a
common qualitative criterion to evaluate the activation of platelets on
material surfaces. Based on themodel proposed by Park [35], circularity
index C of platelet on a material is correlated with the haemocompat-
ibility of blood-contacting surfaces. When the measured platelet is a
perfect circle, C is equal to 1. An observed increase in C indicates the
decreased haemocompatibility of the surface and activated state of
platelets on it. As shown in Fig. 7, the high C of Ti hints the complex
shapes of platelets on thematerial. The high-magnificationmorphology
of platelets spreadingonTi alloy (Fig. 8a) confirms that the plateletswith
many long pseudopods appear to be mutual interactions and almost
form a subconfluent layer. Although ta-Cfilm has a lower C, it represents
obvious activated action to the platelets which show extended
pseudopods (Fig. 8b). Comparatively, most of adherent platelets on ta-
C:P-1 and ta-C:P-2 films (C more closed to 1) remain isolated and disc
shapes without pseudopod occurrence (Fig. 8c and d), indicating an
unactivated or low-activated state. Not all platelets adherent to high-
phosphorus ta-C:P-3 undergo shape changes at the same rate. Some
platelets develop pseudopods while some are still unactivated.

In summary, successful improvement in corrosion resistance and
blood compatibility of Ti alloy by ta-C:P films implies ta-C:P as a prom-
isingmaterial for further applications in biomedical implant overcoat. It
is inferred from our analyses that low contents of phosphorus can
virtually meliorate the electrochemical corrosion behavior and compat-
ibility with blood of ta-C film. However, the graphitization induced by
excessive phosphorus goes against the development of anticorrosion
and haemocompatibility.

4. Conclusions

In this study, the corrosion resistance and haemocompatibility of Ti
alloys with and without phosphorus incorporated tetrahedral amor-
phous carbon (ta-C:P) films are investigated. Significant improvement
in suppressing the corrosion of biological solution and effective barrier
against pitting corrosion are confirmed due to the high polarization
resistance and low porosity of ta-C:P films deposited on Ti alloy.
Platelet spreading and morphology are numerically estimated using
size and circularity indexes of platelets. Low-phosphorus ta-C:P film
with lowest indexes exhibits the slightest adhesion, spreading and
activation of platelets. However, high content of phosphorus increases
the fraction of sp2-hybridized carbon atoms in ta-C:P film and the
ordering of structure, leading to a loss in anticorrosion and blood
compatibility. Therefore, ta-C:P film with elaborately controlled
phosphorus level does effectively improve the behaviors of Ti alloy in
biological environment and appears to be a favorable material for
biomedical implant applications.
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