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Abstract The objective of this study was to physico/

chemically characterize and determine the corrosion

resistance of a Calcium–Phosphate (Ca–P) based bioce-

ramic thin coating processed by a sputtering process on

titanium alloy (Ti-6Al-4V). The samples utilized in this

study were uncoated and coated disks of 10 mm diameter

by 3 mm thickness. The coating was characterized by

SEM, XPS ? ion beam milling (IBM), thin-film mode

XRD, and atomic force microscope (AFM) (n = 3). Coated

and uncoated Ti-6Al-4V disk surfaces were tested in

Phosphate Buffered Saline (PBS) at 25�C through an area

of 0.79 cm2. A three-electrode cell set-up was used with a

saturated calomel electrode (SCE) and a platinum wire as

reference and counter electrodes. After 3, 17, and 25 days

of immersion, electrochemical impedance spectroscopy

(EIS) experiments were performed (n = 3). The EIS tests

were carried out in potentiostatic mode at the open circuit

potential (OCP). The frequency range considered was from

100 kHz to 10 mHz, using 10 mV root mean square as the

amplitude of the perturbation signal. A potentiodynamic

polarization scan using a frequency response analyzer

potentiostat, was acquired following 3 days of immersion

in PBS. The potentiodynamic polarization scans (n = 3)

were carried out with a scan rate of 1 mV/s ranging from

-0.8V(SCE) to 3.0V(SCE). Results: The physico/chemical

characterization showed an amorphous Ca- and P-based

coating of *400–700 nm thickness with Ca–P nanometer

size particles embedded in a Ca–P matrix. The Bode phase

angle diagrams showed highly capacitive results at low and

medium frequencies for both surfaces tested. The polari-

zation curves showed low current densities at the corrosion

potential (Ecorr), in the order of 10-8A/cm2, typical of

passive materials with protective surface films. Coated

sample current densities were comparable to the uncoated

samples. Conclusion: Coated and uncoated samples were

stable in the test solution with a protective film maintained

throughout the 25 day immersion test period.

1 Introduction

The short- and long-term success of metallic implant

devices utilized for orthopedic and dental rehabilitation is

dependent on their ability to maintain physical and chem-

ical properties in the dynamic physiologic environment.

Titanium alloys have the inherent ability to spontaneously

develop a protective oxide surface layer which coupled

with outstanding mechanical properties, has lead to wide

usage in implantable musculo-skeletal devices [1].

Since the implant surface is the first to interact with the

host, its biocompatible and osteoconductive properties are

key for the modulation of the biofluid, cellular, and tissue

level interactions that modulate osseointegration [2].

Several surface engineering methods have been used in

an attempt to increase the biocompatibility and osteocon-

ductivity of titanium implants. Among them, surface

texturing processes have been shown to hasten the biologic

response and biomechanical fixation of implants compared

to as-machined surfaces [3, 4]. However, texturization of
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titanium alloy surfaces may involve processes that increase

the levels of alloying elements at the surface and also result

in an increase in surface area both potentially increasing

ion release. Accumulation of metal ions in the peri-implant

tissues has been speculated to result in adverse effects at

both cellular and tissue levels [5–7]. Coating metallic

implants with bioactive ceramics to decrease ion released

has been attempted to increase biocompatibility and pro-

vide osteoconductive properties [1, 8–10].

At early implantation times, plasma sprayed hydroxy-

apatite (PSHA) coated implants showed enhanced in vivo

bone-to-bioceramic bonding, and bone-to-implant contact

[8–14]. However, these coatings may be partially dis-

solved/resorbed after long periods in function [10–12, 14].

In addition, PSHA manufactured implant coatings nor-

mally rely on mechanical interlocking between a grit-

blasted or etched metallic surfaces and the ceramic-like

PSHA material to maintain physical integrity during

placement and function [9]. This specific interface between

the bulk metal, metal oxide, and bioceramic coating has

been regarded by some as a weak link, where failures

during insertion or after osseointegration have been

reported to occur from loss of adhesion [8, 9, 13].

In an attempt to improve on these short comings, thin-film

bioceramic coatings have been developed for implant sur-

faces through various techniques [9]. These techniques often

apply substantially thinner coatings compared to PSHA

coatings [9]. Desirable features of thin-film coatings include

controlled composition and thickness plus enhanced adhe-

sion to the metallic substrate while maintaining substrate

surface roughness [9–12, 15, 16]. Controlled composition

and thickness achievable through thin film processes also

influence coating dissolution in vivo [10], thereby poten-

tially affecting the device’s osteoconductivity at early

implantation times [15]. Dissolution may also expose the

metallic substrate after surgical placement. Therefore, the

possibility of having close bone contact with the implant

metallic substrate after coating dissolution may be an

attractive feature of thin-films. This close contact could

avoid potential less desirable interfaces between bone,

bioceramic, surface oxides, and implant substrate. From a

theoretic standpoint, the absence of such interfaces is

favorable for long-term implant anchorage [10, 12, 15].

From a biocompatibility and biomechanical point of

view, thin coatings may present advantages over thicker

PSHA coatings [10]. However, their morphology, reduced

dimensions and process dependent composition may result

in substantially different electrochemical behavior while

interacting with bone in the physiologic environment.

The objective of this study was to physico/chemically

characterize and determine the corrosion resistance of a

Ca- and P-based bioceramic thin coating sputtered on

titanium alloy (Ti-6Al-4V) using electrochemical methods.

2 Materials and methods

As-machined Ti-6Al-4V disks of *10 mm diameter and

3 mm thickness were utilized as substrates. The thin Ca–P

coatings were produced by a single ion beam sputtering

process [10, 15]. Rough evacuation was performed using a

mechanical pump and high vacuum (6 9 10-6 torr) was

attained through a cryopump. Prior to deposition, the disk

surfaces were cleaned with an ion-beam utilizing 120V and

2 A, and the chamber was backfilled with oxygen to

2 9 10-5 torr. The sputtering target was a PSHA (*35%

crystalline, Bicon, LLC, Boston, MA) coated Ti-6Al-4V

disk of 100 mm diameter and 20 mm thickness in a copper

holder. The PSHA coating on the sputtering target had a

thickness of *100 lm. The sputtering parameters were

120 V and 5 mA, and the target coating thickness for the

disks was 500 nm.

For coating thickness measurement, three disks of

25 mm diameter and 3 mm thickness were subjected to the

same deposition parameters utilized for the implants.

2.1 Coating physico/chemical characterization

Three disks were used for the series of analytical instru-

mentation employed for surface physico/chemical

characterization.

Field Emission scanning electron microscopy (FE-SEM)

(Phillips FEI XL30 FEG-SEM, Eindhoven, The Nether-

lands) was performed at various magnifications under an

acceleration voltage of 15 KeV. To evaluate surface mi-

crotexture, 20 9 20 lm scans in different regions of the

disks were acquired by an atomic force microscope (AFM)

in contact model (Nanoscope IIIa Multimode System,

Digital Instruments, Santa Barbara, CA). A scanner with a

maximum 125 lm horizontal and 5 lm vertical range, and

a 200 nm Si3N4 cantilever tip with a force constant of

0.12 N/m was used.

Surface-specific chemical assessment was performed by

inserting the disks into a vacuum transfer chamber and

degassing it to 10-7 torr. The samples were then trans-

ferred under vacuum to a Kratos Axis 165 multitechnique

XPS spectrometer (Kratos Analytical Inc., Chestnut Ridge,

NY). Survey and high-resolution spectra were obtained

using a 165 mm mean radius concentric hemispherical

analyzer operated at constant pass energy of 160 eV for

survey and 80 eV for high resolution scans. Survey scans

were performed at various locations on the implant body. A

built-in charge neutralizer was used when necessary to

compensate for sample charge build up during XPS anal-

ysis. All spectra were referenced to the adventitious carbon

C1 s peak position of 285.0 eV.

For coating thickness measurement, a combination of

AFM and depth profiling by XPS and Ion Beam Milling
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(IBM) was utilized. However, it was necessary to process

additional coatings with a thickness of *300 nm to facil-

itate calculation of the coating IBM etching rate. A portion

of the deposited bioceramic was mechanically removed by

means of a sharp instrument from the center of each disk to

expose the metallic substrate. Subsequently, an AFM in

contact mode was utilized for direct coating thickness

determination (3 measurements per disk, with height

measurements taken at the scratched region and regions

[3 mm away from the scratch to avoid height distortion

due to coating mechanical removal). Then depth profiling

was conducted using a 4 keV Ar ? ion sputter gun to etch

the experimental disks surfaces at 5 min intervals and at

each interval XPS high resolution scans were carried out

and this process repeated until the base alloy components

were detected. The approximate etching rate calculated for

the coating was *4 nm/min. The depth profiling procedure

was completed on the three test disks at three different

positions on the disk surface.

Coating crystallographic assessment was performed by

Thin-Film Mode X-Ray Diffraction (TFXRD). The

implants were scanned from 30 to 38 degrees two theta at

0.05 degrees step size (2 s time step), 45 KV accelerating

voltage, and 40 mA current. The rationale for using this

two theta range was due to the presence of an alpha-Ti peak

at approximately 35.5 two theta degrees as well as known

high intensity HA peaks (at 31 and 33 two theta degrees)

and other Ca–P based phases commonly found in bioce-

ramic coated implants [8, 17]. The peaks location/intensity

versus two theta degree output was compared to theoretic

crystallographic calculations for; alpha (HCP), beta (BCC),

and other Ca–P based phases, as well as titanium.

2.2 Electrochemical tests

Prior to immersing into the testing electrolyte, the disks

were degreased in an ultrasonic bath for 5 min, rinsed with

deionized water, and then dried under a hot air stream. The

coated and uncoated Ti-6Al-4V disk surfaces were then

exposed to the electrolyte through an area of 0.79 cm2. The

electrolyte (test medium) used was a Phosphate Buffered

Saline (PBS) (Table 1) at 25�C [18–20]. A three-electrode

cell set-up was used with a saturated calomel electrode

(SCE), a platinum wire as reference, and a counter

electrode.

Electrochemical impedance spectroscopy (EIS) experi-

ments were performed after 3 days, 17 days, and 25 days of

immersion. The EIS tests were carried out in potentiostatic

mode at the open circuit potential (OCP). The frequency

range considered was from 100 kHz to 10 mHz, using

10 mV root mean square as the amplitude of the perturba-

tion signal, and an acquisition rate of 6 points per decade.

A potentiodynamic polarization scan using a frequency

response analyzer (Gamry model EIS 300) coupled to a

potentiostat PCI4/300, was acquired following 3 days of

immersion in PBS. The potentiodynamic polarization scans

were carried out with a scan rate of 1 mV/s ranging from

-0.8 V (SCE) to 3.0 V (SCE). Both the EIS and polari-

zation tests were carried out in triplicate in order to

evaluate the results reproducibility.

3 Results and discussion

The FE-SEM at showed that thin bioceramic coatings fully

covered the disk surface. High resolution imaging at higher

magnifications showed that the coating morphology

resembled a composite with nano particles embedded

within a matrix (Fig. 1a). AFM analysis confirmed the

Table 1 Chemical composition

of PBS solution [18–20]
Component mg/l

NaCl 8.77

Na2HPO4 � 12H2O 3.58

KH2PO4 1.36

pH 7.2–7.4

Fig. 1 (a) FE-SEM of a region where the thin coating was

mechanically removed from the disk surface, showing that the high

energy beam resulted in the deposition of particles (representatively

depicted by arrows) ranging from a few to several hundred

micrometers, supported by (a) FESEM and (b and c) direct contact

AFM measurements. Note the z axis height differences in (b)
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presence of bioceramic particles ranging from a few to

several hundred nanometers in dimension (Fig. 1b, c).

The XPS survey analyses detected the presence of O, C,

Ca, and P on the coating surfaces. The coating thickness

assessment utilizing the experimentally derived coating

etching rate [21] showed that coating thicknesses ranged

from *400 to 700 nm depending upon region. The ele-

mental chemistry as a function of coating thickness is

presented in Fig. 2a, and the Ca/P stoichiometry through

the coating thickness presented in Fig. 2b. The variation in

Fig. 2 (a) coating depth profile,

(b) coating Ca/P ratio as a

function of etch time, and (c)

thin-film mode XRD spectrum

showing a 2 theta peak

associated to alpha Ti

218 J Mater Sci: Mater Med (2009) 20:215–222

123



Ca/P stoichiometry as a function of coating depth observed

for the samples compared to crystalline HA (1.677) likely

resulted from the multiphase composition and spatial dis-

tribution throughout the surface and depth of the PSHA

target employed for coating processing, and also due to

potential preferential deposition during coating fabrication

[8, 9, 22, 23].

Despite the success reported in a clinical trial initiated in

1985 by Furlong and Osborn [24] for bioactive coatings of

implant surfaces, the use of bioactive implant surfaces was

not expanded in clinical practice due in part to potential

limitations of such coatings. Concerns existed about

inconsistent thicknesses and composition and a potential

weak link at the interface between coating and implant

substrate [1, 8–10, 25, 26]. Thus, extensive research over

the last three decades has concentrated on coating process

optimization and methods to improve the properties of the

coating-implant substrate interface [3, 4, 14, 24, 26–32].

The coating micromorphology resembled a matrix

embedded with nanometer range particles. This was

thought to be the result of the high energy of the ion beam,

which instead of removing the target components on an

atomic scale only, removed the target material in a range of

sizes including clusters of several hundred nanometers. The

full surface coverage with thicknesses ranging from 400 to

700 nm obtained with the high energy beam sputtering

process is projected as important for increasing the bio-

compatible and osteoconductive properties of the implant

surface, and to potentially decrease ionic exchange

between the implant substrate and the peri-implant tissues

[1].

Despite the utilization of a partially crystalline target

(PSHA) and the abalation of target material into a range of

nanometer sized clusters, the thin-film XRD spectra

showed no evidence of HA or any other Ca- and P-based

crystalline phase (only an alpha Ti peak at 35.5 degrees 2-

theta was observed) (Fig. 2c). This indicates that the

coatings were primarily of amorphous microstructure with

Ca/P ratios higher than crystalline HA (1.677) (Fig. 2a).

This result is in agreement with previous studies which

demonstrated that crystalline content in sputtering systems

typically require subsequent heat treatment to achieve

Ca- and P-phases long range ordering [10, 28].

Previous in vitro dissolution studies indicate that high

dissolution rates are expected [10] with the thin, primarily

amorphous microstructure sputtered coating created in the

present study,. Thus, the release of Ca and P after

implantation would likely not be sustained levels over

longer periods of time (total coating dissolution). Interfa-

cial electrochemical properties may decrease the device

biocompatibility. However, studies concerning the in vivo

dissolution of coating thicknesses ranging from 100 nm to

4 lm have shown, that after several weeks, carbonitic

apatite existed with all thin films in vivo [33, 34]. Thus, it

is possible that the release of Ca and P may have sub-

stantially different kinetics in vivo compared to in vitro,

and the thin coatings like the one investigated in the

present study may not completely dissolve over longer

periods of time as has been observed with PSHA [26].

EIS has been established as a powerful, non-destructive

method for the characterization of titanium alloys [35–37]

and bioactive ceramic coated titanium alloys’ [38, 39]

surfaces. In the present study, PBS solution (Table 1) was

selected as the electrochemical testing electrolyte in an

attempt to better simulate the interaction between biofluids

and surfaces following implantation [40, 41]. Figure 3

shows the Bode and Nyquist diagrams for the coated and

uncoated Ti-6Al-4V alloy following 3 days of immersion

in PBS solution.

As previously reported for Ti-6Al-4V [35–37] and thin

sol-gel processed bioactive ceramic coatings on Ti-6Al-4V

[38], the Bode phase angle diagrams showed highly

capacitive results indicated by the phase angles near to

-90� from medium to low frequencies (Fig. 3). The

absence of the real component of impedance at low fre-

quencies (in the range presented) and the corresponding

Fig. 3 EIS results for Ti-6Al-4V, coated or uncoated, after 3 days of immersion in naturally aerated PBS solution: (a) Bode phase angle and Z

modulus and (b) Nyquist diagrams
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absolute value of Z indicates a high charge-transfer resis-

tance (corrosion resistance) [35–39]. The large plateau at

this frequency range also suggests the interaction of more

than one time constant as usually found for Ti alloys

exposed to solutions that simulate body fluids [37].

The EIS diagrams shown in Fig. 4 depict the temporal

electrochemical behavior of uncoated and coated surfaces

in PBS solution. The results confirm that both coated and

uncoated surfaces were stable in the test solution with these

highly protective characteristics maintained throughout the

25 days of PBS immersion.

The polarization curves presented in Fig. 5 showed very

low current densities (extrapolated from the linear region

of the cathodic curve to the corrosion potential, Ecorr). The

densities were in the order of 10-8 A/cm2, at the corrosion

potential (Ecorr) of the uncoated Ti-6Al-4V specimens,

which is commonly observed for passive materials with

very protective surface films (Table 2) [35, 37, 38].

Slightly lower current densities and nobler corrosion

potential were associated with the coated Ti-6Al-4V

specimens. The slight current density difference between

coated and uncoated surfaces along with the nobler Ecorr

with respect to SCE for the coated surface suggest a slight

beneficial effect of the coating on corrosion resistance [36].

Despite the increase in current density as the potential

was increased to approximately 0.8 V (SCE), current

density was essentially independent of the potential value

up to approximately 1.3 V (SCE) for both uncoated and

coated surfaces. This, suggests the establishment of a

passive region with current densities in the range of 10-5 to

10-6 A/cm2, typically observed in surfaces with a passive

character (Fig. 5) [35, 37, 38]. The current density in this

passive range was approximately 4 9 10-6 A/cm2 and

6 9 10-6 A/cm2 for the uncoated and coated surfaces,

respectively. In this potential range, the coating had no

substantial effect on the corrosion resistance of the sub-

strate. At a potential value of approximately 1.3 V (SCE),

the current density increased for both surfaces with a

higher magnitude increase for the coated surface. For

titanium alloys in general, current density increase at

potentials around 1.3 V (SCE) has been associated withe

first passive film breakdown and subsequent repassivation,

by secondary passive film formation, or by formation of

Ti2O5 [33]. The higher current density associated with the

coated surfaces may result from porosity within the coating

structure induced by polarization [38]. At potentials around

1.9 V (SCE), the current was again stabilized, suggesting

the setting up of another passive region for both coated and

uncoated surfaces.

According to the potentiodynamic polarization curves

generated under PBS solution, the bioactive ceramic coated

surfaces presented corrosion resistance comparable to

uncoated surfaces. While insight regarding the remarkably

similar corrosion resistance between the uncoated and

coated Ti-6Al-4V disks was obtained through our in vitro

Fig. 4 (a) Bode diagrams obtained for the uncoated and coated (b) Ti-6Al-4V alloy as a function of time of immersion in PBS solution

Fig. 5 Potentiodynamic polarization curves for Ti-6Al-4V alloy

obtained for coated and uncoated specimens after 3 days immersion

in PBS NaCl solution, at 25�C

Table 2 Average values of corrosion potential (Ecorr), corrosion

current density (icorr) and their respectie standard deviations obtained

for Ti-6Al-4V, coated and uncoated, after 3 days of immersion in

PBS solution (n = 3)

Ti-6Al 4V Ecorr icorr

mV Standard deviation nA/cm2 Standard deviation

Coated -270 (50) 30 (14)

Uncoated 310 (250) 40 (21)
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testing set up, implant surface characteristics are dynami-

cally changed immediately after implantation [2]. For the

case of the uncoated Ti-6Al-4V surface, an increase in the

oxide layer is expected to occur with time from implan-

tation [2], whereas thick PSHA coated implant surfaces are

known to promote apatitic depositions from interactions

with the host biofluids [2]. In the case of substantially

thinner bioactive ceramic coating, studies have shown

apatitic depositions similar to those observed for PSHA

also occur in vivo [33, 34]. For the thin Ca–P coatings

described here it is possible that as implantation time

elapses little to no coating will be present due to dissolution

and/or bone remodeling [10, 15]. Thus, thin coating elec-

trochemical properties may evolve towards characteristics

either similar to or much more complex than uncoated

Ti-6Al-4V surfaces. In order to investigate the in vivo

evolution of these thin amorphous bioactive ceramic

coatings, controlled animal studies providing implant ret-

rievals at various implantation times must be performed

and retrieved specimens characterized electrochemically.

4 Conclusion

Thin (400–700 nm) amorphous Ca- and P-based coatings

with high Ca/P ratios were successfully sputtered on

Ti-6Al-4V surfaces. A range of corrosion tests in PBS

solution, found the thin bioactive ceramic coated surfaces to

have corrosion resistance comparable to uncoated surfaces.
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