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Abstract Radiofrequency magnetron sputtering deposi-

tion at low temperature (150�C) was used to deposit bio-

active glass coatings onto titanium substrates. Three

different working atmospheres were used: Ar 100%,

Ar ? 7%O2, and Ar ? 20%O2. The preliminary adhesion

tests (pull-out) produced excellent adhesion values

(*75 MPa) for the as-deposited bio-glass films. Bioac-

tivity tests in simulated body fluid were carried out for

30 days. SEM–EDS, XRD and FTIR measurements were

performed. The tests clearly showed strong bioactive fea-

tures for all the prepared films. The best biomineralization

capability, expressed by the thickest chemically grown

carbonated hydroxyapatite layer, was obtained for the bio-

glass coating sputtered in a reactive atmosphere with

7% O2.

1 Introduction

Bioactive glass (BG) coatings are a promising alternative

to the classical hydroxyapatite (HA) coatings. These

materials were studied with preponderance in powder or

bulk form and they are characterized by their intimate and

rapid bond with living bone through the formation of a

carbonated hydroxyapatite interface layer [1–8]. Compared

to HA coatings, the bioactivity of BG films deposited onto

titanium (Ti) substrates were reported in a few articles

[9–17]. Only one of these BG related papers refer to

magnetron sputtered films [9]. Generally, low values of

adhesion for BG/Ti interfaces were published [9, 17, 18].

Such behavior might be due to significant mismatch in the

thermal expansion coefficients (CTE) of bio-glass coating

(*14–15 9 10-6/�C) and titanium substrate (*9.2–9.6 9

10-6/�C) [10, 18–20].

Radio-Frequency magnetron sputtering (RF-MS) is a

very powerful technique which can be used in a wide range

of applications. Its flexibility along with the low pressure

operation and low substrate temperature rise made it an

attractive technique to deposit various films on different

substrates. Other important advantages are the ease of

sputtering almost any compound, the high-purity of the

films, ease of automation, excellent uniformity on large-

area substrates and extremely high adhesion of films [21].

New compositions of bioactive glass were recently

developed and tailored to obtain CTE close to those of Ti

and its alloys [22–25]. In this paper we report the bioactive

behavior of novel BG thin films featuring suitable

CTE200–400�C (10.7 9 10-6/�C) prepared by magnetron

sputtering (MS) on titanium. The BG powder composition

was based on the SiO2–CaO–MgO system along with P2O5,

CaF2, B2O3, and Na2O as additives. The overall composi-

tion (wt%) is: SiO2––40.08, CaO––29.1, MgO––8.96,

P2O5––6.32, CaF2––5.79, B2O3––5.16, and Na2O––4.59

[7].

This paper concerns with the influence of RF-MS

working atmosphere upon the biomineralization capability

of the films after 30 days immersion in simulated body

fluid (SBF), which is essential for biomedical applications

[26]. It is known that the prerequisite for biomaterials to

bond to living tissues is the formation of a crystalline HA
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layer on their surfaces in physiological media which sig-

nificantly enhances their biocompatibility by promoting

osteosynthesis [19].

2 Materials and methods

2.1 Powder preparation

Powders of technical grade (purity [99.5%) silicon oxide

and calcium carbonate, and of reagent grade of H3BO3,

4MgCO3�Mg(OH)2�5H2O, Na2CO3, CaF2, and NH4H2PO4

were used for BG preparation. Homogeneous mixtures of

batches (*100 g), obtained by ball milling were preheated

at 1000�C for 1 h for decarbonization and then melted in Pt

crucibles at 1400�C for 1 h, in air. Frit glasses were

obtained by quenching the melts into cold water. To obtain

fine powders, the frits were dried and then milled in a high-

speed porcelain mill. The mean particle size of the pow-

ders, calculated by the particle size distribution curves

obtained by light scattering technique (Coulter LS 230,

UK, Fraunhofer optical model), was about 11–14 lm.

2.2 Deposition procedure

High purity (99.6%) commercial titanium plates (Mateck

GmbH) of 10 9 15 mm and glass (Corning) were used as

substrates. Before deposition, the substrates were ultra-

sonically cleaned for 15 min in acetone and ethanol and

then dried in nitrogen flow.

The BG films were prepared using a UVN-75R1

1.78 MHz sputtering deposition system having a magne-

tron cathode with a plasma ring of *55 mm diameter. The

magnetron cathode target (110 mm diameter, 3 mm thick)

was obtained by mild pressing of the BG powder at room

temperature.

The sputtering chamber was first evacuated to a pressure

lower than 3 9 10-3 Pa. Then spectral argon and oxygen

were admitted through needle valves at various flows in

order to obtain the desired deposition atmospheres of var-

ious oxygen dilutions, maintaining the total pressure con-

stant. During the sputtering process the pressure was

measured by a capacitive gauge (Alcatel ASD 1004). A

constant argon volume flow rate of 45 sccm was used for

all depositions, and three different working atmospheres

(one inert and two reactive) were used: Ar 100%, and

Ar ? 7%O2, Ar ? 20%O2, respectively (Table 1). Before

deposition, the substrates were plasma etched in argon

atmosphere for around 10 min in order to improve films

adhesion.

The sputtering of BG/Ti coatings was carried out for

around 1 h at a constant pressure of 0.3 Pa, using a target

to substrate distance of 30 mm. During deposition the

substrate heats due to the Ar plasma bombardment reach-

ing a maximum temperature of 150�C, measured with a

chromel–alumel thermocouple.

2.3 In vitro analysis in simulated body fluid

The in vitro bioactivity of the as-sputtered samples, reflected

in their capability of inducing HA-formation onto their sur-

faces, was investigated by immersion in SBF at 37�C for

30 days. The SBF has the following composition, expressed

in ionic concentrations (in mmol/dm3): 142.0 Na?, 5.0 K?,

2.5 Ca2?, 1.5 Mg2?, 147.8 Cl-, 4.2 HCO3
-, 1.0 HPO4

2- and

0.5 SO4
2-, buffered at pH = 7.25 with tris-hydroxymethyl-

amminomethane (Tris, 50 mmol/dm3) and hydrochloric acid

solutions according to Kokubo [27]. The SBF was filtered

through sterilized filters (cameo 25 AS-MSI, pore size

0.22 lm). Sterilized glass flasks were used for the experi-

ments. The volume of SBF used per sample was 10 ml and

the SBF solution was not renewed during the experiment.

Three replicates per sample were performed. Sampling took

place at 30 days and the capability of inducing HA formation

onto the coated surfaces was evaluated by SEM, XRD and

FTIR measurements.

2.4 Characterizations of sputtered bio-glass coatings

a. The bio-glass layer thickness was estimated from opti-

cal spectroscopy transmittance by the Swanepoel pro-

cedure for films deposited on glass substrates, by using a

UV–VIS–NIR PerkinElmer Lambda 90 spectropho-

tometer. The transmittance measurements were per-

formed in the wavelength range from 300 to 800 nm.

b. The crystallographic structure of each film was

determined by X-ray diffraction, using a Bruker D8

Table 1 Deposition conditions of bio-glass films

Sample lot Working atmosphere Pressure (Pa) Gas Flow (sccm) DCbias (V) Deposition time (min) Thickness (nm)

BG2 100% Ar 0.3 45 1.8 70 510

BG4 93%Ar ? 7%O2 0.3 45 1.9 70 380

BG5 80%Ar ? 20%O2 0.3 45 0.9 70 330
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Advance diffractometer, in parallel beam setting,

equipped with copper anode X-ray tube. The mea-

surements were performed in grazing incidence geom-

etry (GIXRD) in order to enhance the signal that stems

from the layer. The incidence angle was set to 2�, and

the scattered intensity was scanned in the range 5–65�
(2h), with a step size of 0.04�, and 38 s per step.

c. The infrared spectra of the films on the substrates were

obtained by Fourier transform infrared spectroscopy

(FTIR, model Mattson Galaxy S-7000, USA) in diffu-

sion reflectance mode. The analysis was performed

within the range 400–4000 cm-1, with a 4 cm-1

resolution, with a total of 32 scans per experiment.

d. The surface morphology of the films was examined

using scanning electron microscopy (FE-SEM Hitachi

S-4100, Japan; 25 kV acceleration voltage and 10 lA

beam current) under secondary electron mode.

The chemically grown layer thickness was estimated by

environmental scanning electron microscopy measure-

ments (ESEM, model Philips XL30). The analysis was

performed at an acceleration voltage of 25 kV, in tilt mode;

the tilt angle was 30 degrees.

e. The semi-quantitative chemical composition of the as

deposited samples was determined by energy disper-

sive microanalysis (EDS, with a Bruker-AXS 133eV

XFlash� 4010 Detector attachment).’’

f. The adhesion strength at the substrate–film interface

was measured by pull-out method, using a certified

adhesion tester––PAThandy model (PAThandy DFD

Instruments, maximum pull force = 6.3 kN), equipped

with 2.8 mm diameter stainless steel test elements

(stubs). The test method is in accordance with ASTM

D4541. The test elements were glued onto the film’s

surface with a cyanoacrylate one-component epoxy

adhesive, E1100S. The stub surface was first polished,

ultrasonically degreased in acetone and ethanol and

then dried in nitrogen flow. After gluing, the samples

were placed in an oven for thermal curing (130�C/h).

The pull force was smoothly increased until fracture

occurred.

3 Results and discussions

3.1 Thickness determination

The deposition conditions of the BG films are displayed in

Table 1. This includes also the films’ thickness values esti-

mated by the Swanepoel procedure [28]. This method is

based on optical transmittance measurements in the non-

absorbance and low absorption region, for films deposited

onto glass substrates, in parallel with those deposited on

titanium. It can be seen that the film thickness decreases with

increasing oxygen pressure in the working chamber. This

behavior can be explained by the phenomenon of ‘‘target

poisoning’’ induced by chemisorption and ion implantation

of oxygen [29–32]. During the sputtering process the BG

target is bombarded by ions from the plasma, including

reactive oxygen ions. This leads to the formation of a

compound film not only on the substrate as desired, but also

on the sputtering target. This results in a significantly

reduced sputter yield, and thereby, a reduced deposition rate.

When increasing the reactive gas flow the degree of target

poisoning increases, the sputter erosion rate substantially

reduces, and the deposition rate monotonically decreases.

3.2 Pull-out adhesion measurements

In order to estimate the adhesion of the as-sputtered films

we tested three samples per condition, and a statistical

estimation was performed. The test stub was glued in the

center of each sample surface. Failure always occurred at

the substrate-film interface, the film being ruined each

time. The pull-out strength varied between 70 and 80 MPa

with no relevant differences between the BG samples

obtained in different conditions. Thus an average adhesion

value of *75 MPa was estimated (small statistic for the

moment) for the three types of films.

This adhesion value is much higher than the usual ones

reported in literature [9, 17, 18]. These high values of pull-

out strength could be attributed to the sputter cleaning and

ion bombarding processes of the substrate, done prior to

deposition [33, 34]. As it is known, the poor adhesion of

the coatings could be ascribed to the natural oxide layers

present on the titanium alloy surface before deposition,

which leads to poor bonding at the coating–substrate

interface.

3.3 SEM–EDS characterization

Figure 1a–c displays scanning electron micrographs of the

surface of the as-deposited BG films. The general surface

images recorded at a magnification of 94000 revealed a

well-densified, homogeneous surface microstructure, for all

types of as-deposited samples. No micro-cracks or delam-

inations were noticed.

The EDS results of the as-deposited samples are pre-

sented in Table 2. The results for the lightest elements

(boron and fluorine) were not included because of their

expected lower accuracy. Even considering the low accu-

racy of EDS analysis, the obtained results reveal that there

was a clear enrichment of deposited BG4 films in sodium,

along with a depletion in calcium. The reason for this non-

monotonous evolution of sodium and calcium with
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increasing oxygen content in the working atmosphere still

needs to be better understood, requiring a more systematic

approach to clarify it in the future.

The SEM microstructures of the BG2, BG4 and BG5

samples immersed for 30 days are shown in Fig. 2a–c. It

can be seen that precipitation of thick and rough coatings

occurred for all three types of samples. The chemically

deposited layer surface shows spherulitic aspect for all the

samples, which is a feature specific to in vitro chemically

grown HA [7, 8, 35, 36]. The surface of BG2 and BG4

samples presents regular, spiked spherulitic grains with

diameters ranging from 1.7 to 2.4 lm. The BG5 sample

surface displays a different topographic aspect with irreg-

ularly shaped micro-sized agglomerates and also smoother

regions. This suggests that BG2 and BG4 exhibit better

mineralization capability, inducing the formation of

extensive apatitic layers onto their surfaces. This capability

seems to be somewhat lower in the case of BG5.

In order to estimate the thickness of the chemically

grown apatitic layers, the films were scratched up to the

titanium substrate, and then an ESEM analysis was

performed in scratch at a tilt angle of 30� (Fig. 3a–c). The

BG4 structure lead to the thickest chemical growth: total

film thickness from 2.3 to 3.9 lm, compared to the initial

BG thickness of *0.4 lm. The BG2 layer increased after

30 days SBF immersion from *0.5 lm to 0.7–1.7 lm,

while BG5 from *0.3 lm up to around 1.2 lm. Thus, the

best biomineralization, correlated with the largest thickness

of HA layer growth, was obtained for the BG4 coating. The

results are in agreement with the FTIR and XRD analysis

presented herein.

3.4 GIXRD analysis

XRD revealed that the as-deposited structure is amorphous,

within the sensitivity limit of the measurement. After

30 days of SBF immersion, all three samples show the

characteristic lines of hydroxyapatite, as large, overlapping

peaks. The broadening of the HA peaks is probably due

both to the very fine crystallite size, and to lattice disorder.

Because of the large line broadening, one cannot distin-

guish between several HA-similar structures, having clo-

sely positioned XRD lines. It is generally accepted that the

calcia-phosphate-rich layer on the surface is formed by

precipitation of calcium and phosphate ions released from

the glass together with those from solution, and by incor-

porating carbonate anions from solution crystallizes into

carbonated hydroxyapatite (CHA) [19]. So, we can pre-

sume that the preponderant crystalline phase is carbonate

hydroxylapatite––Ca10(PO4)3(CO3)3(OH)2 (ICDD card no.

19-272), which is in agreement with the presence of car-

bonate groups revealed by FTIR. It is to note that the (002)

Fig. 1 Top view SEM images

of as-deposited bio-glass MS

films

Table 2 EDS chemical composition in at% calculated for the as

deposited BG films

Element BG2 BG4 BG5

Si 30.2 20.6 31.2

Ca 32 19.8 26.5

P 2.6 2.8 3.9

Na 16.2 26.9 20.6

Mg 19 19.9 17.8
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line of CHA (2h & 26�) has a significantly increased rel-

ative intensity compared to the referred ICDD file. This is

often observed in HA films and it is generally assigned to

the oriented growth of the HA crystallites with respect to

the substrate surface.

The XRD patterns (Fig. 4) of BG2 and BG5 also evi-

dence a weak line at 2h = 26.4�, which agrees well with

the most intensive line of quartz-like crystalline silica.

Besides, there is also a narrow line at 2h & 368, that is

probably connected to the substrate, and which we assigned

to titanium hydride––TiH (ICDD card no. 44-1217), or

TiH1.7 (ICDD card no. 78-2215). The silica line is not

visible in BG4. The penetration depth (90% attenuation) of

the X-rays in a HA layer (assuming qHA = 3 g/cm3),

measured at 2� incidence angle and 2h = 26� scattered

angle, is around 3 lm. Thus, taking into account that the

values of the films thickness obtained by tilt ESEM mea-

surement are around 1 lm for BG2 and BG5, and around

3 lm for BG4, one can suppose that the observed SiO2 line

originates from a layer which lies at the bottom side of the

chemically deposited layer, thereby its signal is attenuated

in the covering HA layer. In the case of BG4, the absence

of SiO2 signal could be explained by the higher thickness

of the chemically grown HA film. It is to note that the Ti

Fig. 2 Top view SEM images

of bio-glass MS films after

immersion in SBF for 30 days

Fig. 3 Tilt view ESEM images

of bio-glass MS films after

immersion in SBF for 30 days
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substrate lines are visible because there are uncoated

regions.

The mechanism of HA formation onto the surface of

bioactive glasses is widely accepted [8, 19, 37–40], and

involves the dissolution of cations from the surface of

bioactive materials and the consequent increase of the

supersaturation degree in the surrounding fluid, with

respect to HA components. The simultaneous dissolution

of silicates results in the formation of silanol groups onto

the surface of bio-glasses, which are essential nucleation

sites for HA formation. During the dissolution process that

precedes the precipitation of calcia and phosphate ions, the

hydrated silica (SiOH) which forms on the glass surface

undergoes rearrangement by polycondensation of neigh-

boring silanols, resulting in a silica-rich layer. The mech-

anism of nucleation and growth of the CHA layer is

accelerated by the presence of hydrated silica. Our GIXRD

and SEM results are consistent with this theory. It seems

that this silica-rich bottom layer comprises a quartz-like

crystalline phase.

In conclusion: during this dissolution–reprecipitation

process the sputtered BG layer is partially dissolved and

finally we obtain a multilayer structure containing a bottom

BG layer coated by a quartz-like crystalline thin film and at

the top a carbonated thick film with HA-like crystalline

structure.

3.5 FTIR studies

Figure 5 shows the infrared absorption spectra of the as

sputtered bio-glass films together with the spectrum of

target powder. All spectra feature a broad absorption band

with two peaks at 1010 cm-1 (Si–O stretching vibration)

and 923 cm-1 (Si–O–2NBO). Two weaker shoulders were

found at lower frequencies: at 571 cm-1 (Si–O–Si rocking

motion) and at 725 cm-1 (Si–O–Si bending motion),

respectively. A large vibration band was evidenced cen-

tered at 1410 cm-1, most probably due to the vibration of

metaborate triangles. Previous IR studies noticed also the

presence of Q2, Q1, and Q0 phosphate units in the 1400–

400 cm-1 IR spectra range [7, 20, 22].

Figure 6 shows the FTIR spectra after 30 days of

immersion displaying strong signals of a calcium phos-

phate phase, identified above as hydroxyapatite by GIXRD

characterizations.

The FTIR absorbance spectra of the chemically grown

HA films (Fig. 6) revealed strong vibrations at the fol-

lowing wave numbers: 483, 571, 612, 742, 876, 1034 and

1100 cm-1. These absorption bands could be assigned to

bending mode of PØP Q3, Q2, Q1 and Q0 units (550–

600 cm-1) and to symmetric stretching bands of PØP Q3,

Q2 and Q1 units (650–800 cm-1), respectively. The split-

ting of the stretching IR absorption band into two narrow

components, at 1034 and 1100 cm-1, suggests a crystalline

HA growth. These sharp bands correspond to the m3

asymmetric stretching of the phosphate groups (Table 3).

All grown HA layers were obtained hydroxylated and

carbonated as demonstrated by the presence of the strong

O–H and (CO3)2- bands, as follows (Fig. 6; Table 3):

• OH: libration’s band at 742 cm-1, m4 bending vibration

present at 1635 cm-1, and a broad band positioned in

the 3200–3500 cm-1 range;

• CO3
2-: bending vibration band positioned at 876 cm-1

and two sharp stretching lines at 1413 cm-1 and

1465 cm-1.
Fig. 4 GIXRD patterns of the as deposited and the in vitro tested

samples

Fig. 5 FTIR spectra for BG target powder and BG as deposited

coatings
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Figure 7 displays a comparison of (PO4)3- stretching

band integral area of BG films immersed for 30 days. This

area can be roughly expressed as a product of the absorp-

tion coefficient in the region of stretching vibrations and

the number of (PO4)3- radicals which absorb the infrared

light. Considering that most of these phosphate ions belong

to hydroxyapatitic structures, the integral area of stretching

band is an indicator of the HA layer’s mass grown. This

area should be proportional to the film thickness in case

this would cover the entire substrate surface. After 30 days

of soaking in SBF, the original layer partly disappeared,

due probably to dissolution or delamination, leaving some

uncovered areas on titanium. Thus, the surface covered by

the CHA layer differs from sample to sample, and it is

difficult to be evaluated. None the less the maximum

thickness value estimated by ESEM for BG4 structure is

concordant with the infrared and XRD results.

The degree of hydroxylation expressed as (OH area/PO4

area) is also displayed in Fig. 7. This parameter is not

dependant on the covering percent, so it provides useful

information upon the chemically grown films structure. It

suggests that the highest degree of bioactivity (maximum

CHA thickness) is obtained in the case of BG4 film which is

also the less hydroxylated one. The highest values of

hydroxylation degree were obtained for BG2 and BG5 films,

proving their lower degrees of in vitro bioactivity in SBF.

Hench’s theory states that the first stage of a bio-glass

mineralization upon immersion in SBF involves the rapid

exchange of Na? ions from the glass for H? and H3O? ions

Fig. 6 FTIR spectra for BG coatings immersed in SBF for 30 days

(for numeric labels see Table 3)

Table 3 Assignment of IR

vibration bands for the

immersed BG structures

No. Position Vibration band

1 483 O–P–O (m2) bending mode

2 571 (PO4)3- (m4) asymmetric bending mode

3 612 (PO4)3- (m4) asymmetric bending mode

4 742 Si–O–Si bending mode, O–H libration mode

5 876 (CO3)2- (m2) asymmetric bending mode

6 1034 (PO4)3- (m3) asymmetric stretching mode

7 1100 SiO2 strong streching vibration band, (PO3) (m3) mode in Q2 units

8 1413 (CO3)2- (m3) asymmetric stretching mode

9 1465 (CO3)2- (m3) asymmetric stretching mode

10 1635 O–H bending mode

11 3200–3500 O–H streching mode

Fig. 7 Integral area of

stretching band (PO4)3- (left);
degree of hydroxylation

expressed as H2O area/PO4 area

(right) for BG films after

30 days of immersion
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from the solution, which shall initialize the hydrolysis of

the Si–O–Si bonds of the glass structure and the forming of

silanol groups. In a next step the silanol groups polycon-

densate forming a silica-rich layer at the bio-glass surface,

which favors the growth of Ca–P type layers. Therefore,

one can speculate that the higher biomineralization rate of

BG4 film is due to an acceleration of the chemical pro-

cesses involved in the so called Hench’s mechanism

because of the higher sodium content of this film (Table 2).

The higher number of sodium ions released in SBF will

change the chemical equilibrium of the precipitation

reaction accelerating the hydrolysis of silicon–oxygen–

silicon bonds, thereby catalyzing the formation and

chemical growth of CHA. We are therefore assuming that

different Na/Ca ratios will lead to different biominerali-

zation behaviors. Although releasing Ca ions in SBF is of

great importance to supersaturate the solution with respect

to HA composition, thus favoring the precipitation of Ca–P

compound, a higher content of Na ions in the bio-glass film

leads to a faster hydration of silica, speeding up the

chemical growth of CHA.

4 Conclusions

Highly adherent sputtered films have been successfully

deposited onto Ti substrates using RF magnetron method in

inert and reactive atmospheres. All three types of films

(BG2-Ar 100%, BG4-Ar ? 7%O2, BG5-Ar ? 20%O2)

showed pronounced bioactivity when soaked in SBF. Mi-

crometric carbonated hydroxyapatite rough coatings were

obtained after 30 days SBF soaking, as proved by the SEM,

GIXRD and FTIR results. GIXRD patterns of the soaked

films also evidenced the presence of a quartz-like SiO2

phase for BG2 and BG5 (as a weak line at 2h = 26.4�),

which is probably grown below the CHA structure. The

absence of the quartz line in BG4 pattern can be explained

by the thicker chemically grown CHA layer, which exceeds

the X-rays attenuation limit. FTIR spectra displayed a

strong hydroxylation and carbonatation phenomena of

these calcium phosphate coatings which are typical for

chemically grown and biological apatites. The chemically

grown coatings’ quality strongly depended on the ‘‘seed’’

bio-glass sputtered films, the highest thickness and the

lowest hydroxylation rate being obtained in the case of the

BG4 structure. One can speculate that the presence of a

higher content of sodium in the bio-glass films leads to

faster hydration of silica, speeding up the other chemical

growth stages of CHA. The other structures, BG2 and BG5,

had thinner chemically grown CHA layers, which proved

to be more hydroxylated than in case of BG4. The above

results are concordant with the SBF dissolution–reprecip-

itation model of Hench.

The high values of adhesion and strong SBF bioactivity

after 30 days encourage us to continue with more detailed

SBF studies to deeply understand the physical–chemical

processes implied in the chemical grown phenomena.
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