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Calcium phosphate thin films were deposited at room tempearture by the Pulsed Plasma Deposition method. 
After annealing at 600 °C, film mechanical properties and adhesion to the titanium substrate strongly 

improved.  
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Calcium phosphate (CaP) coatings are commonly employed to improve the bioactivity of bone and dental 

metal implants, due to the chemical-physical similarity with the mineral phase of bone, envisaged to enhance 

the integration with the surrounding bone tissue. However, growing concerns about the use of commercial 

thick CaP coatings, mainly related to their weak mechanical properties, poor interface strength and micro-

structural inhomogeneity, are leading the investigation of new and alternative CaP deposition tecniques. In 

this study the feasibility to deposit tough and well adherent CaP thin films by a novel Pulsed Plasma 

Deposition (PPD) method on Ti alloy was investigated. Microstructural, chemical and morphological 

properties of the coatings as well as the nano-mechanical properties and their adhesion to the Ti-alloy 

substrate were extensively characterized. In vitro biocompatibility was also preliminary assessed  evaluating 

the adhesion and proliferation of primary mouse osteoblasts. As-deposited CaP films were amorphous and 

exhibited dense and uniform surface composed of sub-micrometric aggregated globular particles. 

Noteworthy, mechanical properties of as-deposited films were comparable to the ones of commercial 

plasma-sprayed coatings despite the significant difference of thickness (a few hundred nanometers vs. tens 

of micrometers). After the thermal annealing of the as deposited films at 600°C for 1 h in air, a trasformation 

from amorphous calcium phosphate to crystalline hydroxyapatite (HA) phase occurred. The mechanical 

properties as well as the adhesion to substrate of the annealed films strongly improved respect to those of 

the as deposited films, displaying interesting high hardness, elastic strain to failure and plastic deformation 

resistance values. Finally, biological in vitro tests indicated good biocompatibility of both as-deposited and 

annealed films, with this latter showing better cells adhesion and proliferation compared to the former.

1. Introduction 

Metals such as stainless steel, cobalt-chrome alloys and 

titanium and its alloys are currently used to manufacture hip 

and joint prostheses and dental implants (mainly artificial 

roots)
1
. Titanium alloys are often preferred, owing to their 

superior corrosion resistance and relative high strength, 

fatigue properties and bioinertness
2
. However, when a 

metallic implant is placed in the body, a non-physiological 

surface is introduced into the biological environment 

resulting in a mismatch of functional properties between 

living tissue and artificial materials
3
.  

The common approach to overcome this problem and to 

improve the bioactivity of metal implants (i.e. increasing the 

bone-to-implant contact) is the introduction of an 

intermediate layer between the implant and the surrounding 

tissue that can resemble the physiological environment4. To 

this end, calcium phosphate (CaP) in the form of 

hydroxyapatite (HA) is the ideal candidate, due to the 

chemical similarity with bone mineral phase4, 5.  
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Plasma spraying (PS) is by far the most widespread 

technology for the preparation of HA coatings for biomedical 

applications
6
. However, the high thickness of sprayed coating 

(from 50 to 200 µm) can introduce fatigue under tensile 

loading, while higher residual stresses and presence of voids 

can promote interfacial debonding and crack formation, 

respectively
7
. Further, the chemistry and micro-structure of 

HA sprayed coatings (usually consisting of both amorphous 

and different crystalline phase) are significantly different 

from bone mineral apatite, and can also lead to non-

homogenous coating dissolution kinetics
8
. Finally, PS 

requires an additional roughening treatment of the metallic 

implant surface by sand or grit blasting to improve the 

adhesion of the coating to the implant by mechanically 

interlocking
9
; it follows that providing highly-adhered films 

without the need for such pre-treatments would be highly 

desirable. Moreover from a biological point of view, despite 

a plethora of works reporting the better behaviour both in 

vitro and in vivo of sprayed-coated devices compared to 

uncoated ones, long-term clinical data indicate that the 

actual clinical advantage of using PS coatings in implantology 

is still under debate
10

.
 
Thus, the recent research trend is 

directed toward the deposition of high-performance CaP thin 

films (up to few microns thick), with improved adhesion, 

fracture toughness and lower residual stresses. Several 

technologies are currently available for the deposition of CaP 

thin films, such as pulsed laser deposition (PLD)11, radio 

frequency (RF)12 or direct current (DC)13 magnetron 

sputtering, electrospray deposition (ESD)14 and ion beam-

assisted deposition (IBAD)15.  

Recently, the Pulsed Plasma Deposition (PPD) technique has 

been emerging as a valid technique for the stoichiometric 

deposition of well adherent and nanostructured thin films of 

a number of materials16, 17 . The working principle of PPD is 

based on the ablation of a target material by a highly-

energetic pulsed electron beam; consequently, the ablated 

material is deposited on a substrate hold at suitable 

distance. The pulsed ablation process allows obtaining a high 

control on the final film thickness and roughness18. PPD is 

conceptually similar to the more widespread PLD but when 

compared to the latter it presents several advantages, as a 

direct consequence of the different nature of the ablating 

source: higher pulse energy, frequency and energy efficiency 

(>30%); capability to ablate wide band-gap or highly 

reflective materials (Eg > 6 eV); easier scalability of the 

process for the deposition of large area by relatively low-cost 

multiple systems. Since its introduction at the end of the first 

decades of 2000s, PPD has been exclusively used for the 

fabrication of thin films in the field of photovoltaic and 

organic electronics
19, 20

. Very recently, the first medical 

application of PPD was reported, with the specific aim of 

decreasing the wear of the mating components of an implant 

joint replacement by coating their surfaces with hard 

zirconia films
21-23

. 

Due to requirement of alternative solutions to obtain 

enhanced performing bioactive CaP coatings, and in order to 

investigate the possibility to deposit nanostructured thin 

films with improved mechanical properties, in this study the 

deposition and characterization of HA films via the PPD 

method has been investigated. Specifically, crystalline 

structure, chemical composition, surface morphology, nano-

mechanical properties and adhesion of as-deposited and 

thermally annealed films have been addressed and the 

results discussed in the light of the performances of 

conventional HA coatings. 

2. Experimental 

2.1 Materials 

CaP thin films were deposited by ablating a HA target 

sintered at 1200 °C in air (Ca/P = 1.67, Institute of Science 

and Technology for Ceramics – National Research Council, 

Faenza, Italy). Titanium alloy disks (grade 2, Ø  ~ 15 mm, 

thickness ~ 5 mm, Ra ~ 1 micron, water contact angle ~ 73°) 

and silicon wafers (p-type doped monocrystalline (100) 

native silicon, p-type, size ~ 20 x 20 mm, thickness ~ 3 mm, 

Fondazione Bruno Kessler, Trento, Italy) were used as 

substrates, after being ultrasonically cleaned in acetone, iso-

propanol and dried under nitrogen flux.  

 

2.2 Film deposition and thermal annealing 

The setup of the Pulsed Plasma Deposition (PPD) system 

(Gen III Advanced Electron Gun, Organic Spintronics, 

Bologna, Italy) is schematically depicted in Fig. 1 and has 

been described in detail elsewhere
16, 21

. The vacuum 

chamber was initially voided down to a pressure of 1 × 10
−6

 

mbar by using a turbo-molecular pump (EXT255H, Edwards, 

Crawley, England). Then the pressure was raised to the 

working value by introducing in the chamber the working gas 

(oxygen, purity level: 99.999 %). After a preliminary 

deposition set aimed to optimize deposition parameters, the 

working gas pressure, the beam acceleration voltage and the 

shot frequency were set at 3 x 10
-4

 mbar, 16.0 kV and 5 Hz, 

respectively. Target-substrate distance was set at 60 mm, in 

order to allow a wide and uniform coverage of the substrate. 

Deposition was performed without heating the substrate. A 

very low thickness such as 300 nm was selected in order to 

maximize the comparison between the properties of the HA 
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films deposited by PPD and thicker films deposited by 

conventional methods. After deposition, films were annealed 

at 600 °C for 1 h in air, using a ramp of 20°C/min both for the 

heating and the cooling steps. As-deposited films are 

hereinafter referred as CaP_rt, whereas annealed films are 

referred as CaP_600. 

 

2.3 Structural and morphological characterization 

The structural characterization of CaP_rt and CaP_600 films 

was performed by X-Ray Diffraction (XRD) in out-of-plane 

and grazing incidence geometry, using a SmartLab Rigaku 

diffractometer equipped with a rotating anode (Cu Kα, λ = 

1.54180 Å). The incidence angle was 0.8° in order to 

penetrate the whole film and to reduce the scattering 

coming from the substrate.  

Small amount of CaP films were manually removed from 

titanium disks and analyzed by Fourier transform infrared 

(FTIR) spectroscopy. Spectra were recorded on a Thermo 

Nicolet 380 (Thermo Fisher Scientific Inc., Waltham, USA) 

spectrometer. The powder sample (about 1 mg) was mixed 

with about 200 mg of anhydrous KBr and pressed into 7 mm 

diameter discs. Spectra were registered with a resolution of 

4 cm-1 by accumulation of 64 scans covering the 4000 to 400 

cm-1 range.  

Film chemical composition was evaluated by X-ray 

photoelectron spectroscopy (XPS) using an ESCALAB 250Xi 

spectrometer (Thermo Fisher Scientific, UK), equipped with 

monochromatic Al Kα excitation source and a 6-channeltron 

spectroscopic detection system. Photoelectron spectra were 

collected at 20 eV constant pass energy of the analyzer and a 

base pressure in the analysis chamber of about 5 x 10-8 Pa. 

XPS measurements were carried out at 90° take-off angle, by 

using a large spot of X-ray source (diameter of 0.9 mm) and 

electromagnetic lens mode resulting in 0.5 mm diameter of 

analyzed sample area. The sample charging was suppressed 

by using in-lens electron flood gun at low energy of 1 eV. The 

accuracy of experimental binding energy (BE) scale was ± 0.1 

eV. Distribution of the chemical composition in depth was 

investigated by combining the XPS analysis and cyclic Ar+ 

sputtering at energy of 2.0 keV. Spectroscopic data were 

processed by the Avantage v.5 software. Shirley background 

and mixed Lorentzian/Gaussian peak shape (30%) were used 

for the peak fitting. 

Microstructural and morphological characterization of the 

coatings was carried out by field emission gun scanning 

electron microscopy (FEG-SEM) using a Sigma NTS Gmbh 

(Carl Zeiss, Germany). Before the analyses the specimens 

were covered with a coating of Au using a Sputter Coater 

E5100 (Polaron Equipment, Hertfordshire, U.K.). 

Film thickness and surface roughness were evaluated by 

Atomic Force Microscopy (AFM), using an NT-MDT Stand-

alone AFM operating in semi-contact mode at ambient 

conditions. As force sensors for imaging, different NT-MDT 

Si-cantilevers with curvature radius of 10 nm and resonance 

frequencies of (190 – 330) kHz were used. All images were 

unfiltered but levelled by a 2
nd

 order line, and acquired with 

a resolution of 512 x 512 pixels.  The Average Roughness (Ra) 

value was provided as estimate of surface roughness.  

Film wettability was addressed by contact angle 

measurements carried out using a contact angle meter 

Digidrop from GBX (Bourg de Peage, France) The 

measurements were taken and 25°C and the Milli-Q water 

drops were 1 µl.  

 

2.4 Nano-mechanical characterization 

The mechanical properties of as-deposited and annealed 

films were investigated by nanoindentation tests using a 

Nanoindenter Tester NHT2 (CSM, Peseux, Switzerland) 

equipped with a Berkovich diamond tip, after a preliminary 

calibration performed on a standard fused silica (plain strain 

modulus ~ (75.1 ± 0.4) GPa; estimated silica Poisson’s ratio of 

0.16). For nanoindentation tests, silicon was preferred, due 

to the very flat surface compared to the surface of titanium 

disks allowing a smaller data deviation. The indents were 

performed using a standard trapezoidal linear-loading profile 

up a maximum load (Pmax) of 0.75 mN followed by a pause of 

2 s with a loading/unloading time of 10 s. Indentation 

hardness (HIT) and elastic modulus (EIT) were extracted from 

the recorded load-displacement curve using the well-

established Oliver and Pharr method24.  Subsequently, the 

elastic strain to failure (H/E) and the resistance to plastic 

deformation (H3/E2) were calculated.  

In order to evaluate film fracture toughness on titanium 

substrate, specific nanoindentation tests using increasing 

Pmax (1, 5, 25, 50, 100 and 500 mN) have been performed. In 

particular, the maximum penetration depth achieved by the 

indenter tip within the film has been investigated. Each 

loading and loading rate was set to 10 s with a pause of 2 s at 

Pmax. An optical microscope (equipped with objectives form 

1x to 100x) mounted on the nanoindentation platform was 

used to image the footprint left by the indenter on the 

sample surface. 

  
2.5 Adhesion tests 

To evaluate film adhesion to the titanium substrate, scratch 

tests were performed using a Micro-scratch Tester MST 

(CSM, Peseux, Switzerland), equipped with a Rockwell C 

stylus conical with spherical apex indenter tip (radius sphere 
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100 μm and angle 120°). The tip was subjected to a 

progressive normal load from 0.01 to 3.00 N were move 

across a surface with scan speed of 10 mm/min and a loading 

rate of 10 mN/min according to the ASTM C 1624-05
25

. A 

minimum of three scratches were made on each investigated 

film. The employed test mode entailed a pre-scan of the 

surface with a small load (10 mN) to store the surface profile, 

which was eventually subtracted from the loaded scratch 

scan. Then the indenter performed the real scan linearly 

increasing the load according to the previously reported 

loads. An optical microscope (equipped with objectives form 

1x to 100x) mounted on the micro-scratch platform was used 

to image the worn track left by the micro-scratch tip on the 

sample surface and investigate the delamination modes of 

the film the different loads (0.5, 1.5 and 3N). 

 

2.6 Isolation and Culture of Primary Bone Cells 

Primary osteoblasts were isolated from the calvarial bones of 

1 week-old mice by sequential collagenase digestion as 

described elsewhere26. Briefly the calvarial bones were 

digested in collagenase type 1 at 37 °C with three 

consecutives washes. The cell suspension were pooled and 

centrifuged at 300 rpm for 3 minutes. The supernatant was 

discarded and cell pellets were suspended in standard 

αMEM supplemented with 10% FCS with Penicillin-

Streptomycin (10,000 U/mL). The cell suspension was 

cultured under standard condition in a 25 cm2 tissue culture 

flask at a density of 1 calvaria per flask. The medium was 

changed 24 hours after seeding to remove non-adherent 

cells, and then every 48 hours until they reached the 

confluence. Cells were incubated in αMEM, supplemented 

with 10% fetal bovine serum, 2mM L-glutamine, 100 U ml-1 

penicillin and 100 µg ml-1 streptomycin, in a humidified 

atmosphere (95% air, 5% C02, 37°C). 

2.7 Cell seeding 

Primary osteoblast cells were cultured in αMEM, 

supplemented with 10% fetal bovine serum, 2mM L-

glutamine, 100 U ml-1 penicillin and 100 µg ml-1 

streptomycin. After 4 days in culture, cells were trypsinized 

and plates over the CaP_rt and CaP_600 films (in addition to 

control substrates) at a density of 5000 cell cm-2 using 24-

well plates. Cultures were grown at 37°C in an atmosphere of 

5% CO2, 95% air for 3h, 24h, 48h and 72h and the medium 

was changed every 24h.  

2.8 Immunofluorescence assay 

Prior to the immunofluorescence assay, each samples was 

carefully placed in a new 24 multi-well plate to eliminate any 

contribution of remnant cells from the cell suspension. Cells 

were fixed with 4% paraformaldehyde in DPBS 1x, washed 

with DPBS 1x. They were then permeabilized with 0.1% 

Triton-X 100. The samples incubated in 1% bovine serum 

albumin in DPBS 1x to block non-specific binding sites. 

Double staining was then performed on each sample. Cells 

were first stained by Vinculin monoclonal antibody (FAK100, 

Merck Millipore), followed by rinses with DPBS 1x. The cells 

were labelled with FITC-anti-mouse IgG antibody (AP124F, 

Millipore) in combination with TRITC-conjugated phalloidin 

(FAK100, Merck Millipore) for 1 h, followed by rinses with 

DPBS 1x. Double staining was critical to map local orientation 

of actin filaments within cells and a monoclonal antibody to 

Vinculin was very specific for staining the focal contacts in 

cells. Nuclear counterstaining was performed by incubation 

with DAPI (FAK100, Merck Millipore) for 3 min, followed by 

rinses with DPBS 1x. Samples were examined using a Nikon 

Eclipse 80i microscope equipped for fluorescence analysis. 

2.9 Statistical analysis 

Data from in vitro tests were presented as means ± standard 

deviations (SD). Comparison between groups was carried out 

with the Wilcoxon rank sum non-parametric test (p < 0.05) 

MATLAB software (version: 8.2.0.701, Mathworks, Natik, 

MA.  

3. Results  

3.1 Microstructural, chemical and morphological 

characterization 

XRD analyses revealed that the CaP_rt films were mainly 

amorphous (Fig. 2a-i), as evinced by the broad peak spanning 

from 25° to 35°. The presence of CaO crystallites was 

evidenced by the Bragg peaks observed at 32.5° and 37.4° 

(ICSD: 060199). Also a small amount of Ca(OH)2 crystallites 

were detected (peak at 28.45°, ICSD: 202233). After a 

thermal annealing in air at 600 °C for 1h, a polycrystalline HA 

film was obtained. Indeed, the XRD pattern (Fig. 2a-ii) 

showed all the main peaks characteristic of the HA crystal 
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phase (ICSD: 081442). However, the main peak coming from 

CaO crystallites were still detected after annealing. 

FTIR spectra of the deposited materials showed the typical 

bands of CaP compounds [(i.e. PO4
3-

 vibration bands at 

560−603 (ν4), 963 (ν1), and 1000−1104 cm-1
 (ν3)]

27
 (Fig. 2b). In 

agreement with the XRD analyses, the FTIR spectra of CaP_rt 

displayed the characteristic broad bands of amorphous CaP 

phase
28

 (Fig. 2b-i), that after the annealing, became more 

narrow and defined revealing that the amorphous phase 

turned into a crystalline state (Fig. 2b-ii). The appearance of 

the band at 630 cm
-1

, assigned to vibration of structural OH
-
 

groups, in the CaP_600 sample also confirmed the 

transformation from an amorphous to a crystalline phase.  

XPS data on the surface composition (Table 1) revealed the 

signals of Ca 2p, P 2p and O 1s that are the characteristic 

photoemission peaks of the CaP phases. Their BE values 

correspond to those reported in previous works
29, 30

 within 

the margins of experimental errors. The different Ca/P ratio 

between CaP_rt and CaP_600 confirmed the occurrence of a 

phase transition process. However, the spectra of Ca 2p and 

O 1s were quite broad, i.e. indicated the possible presence of 

more than one chemical species.   

More detailed analysis of chemical composition was carried 

out by using XPS depth profiling and applying the peak fitting 

procedure for broad Ca 2p and O 1s spectra. The 

deconvolution of both peaks after 300 s of ion sputtering 

(depth of about 50 nm) is presented in Fig. 3a and 3b. The 

lower components Ca1 and O1 can be attributed to the 

presence of CaO, which is also evidenced by the XRD 

analysis. The dominant species Ca2 and O2 correspond to 

HA29, 30. Obtained elemental depth profile with separated 

different species of Ca and O is reported in Fig. 3c. As it can 

be observed in this profile, the surface contamination 

(adventitious carbon) was already removed after the first 

cycle of ion sputtering (depth of about 5 nm), afterwards the 

chemical composition of the film became constant till the 

interface with substrate (not shown in this figure) at the 

depth of about 280 – 300 nm. After removal of contaminant 

over layer, the total ratio Ca/P was about 2.1, but the ratio of 

the species attributed to HA Ca2/P was almost stoichiometric 

(1.68 – 1.74). 

FEG-SEM analyses (Fig. 4) revealed that the surface of the 

CaP_rt was dense and uniform composed of sub-micrometric 

aggregated globular particles ranged from 50 to 300 nm. The 

surface morphology of the coatings was independent on the 

annealing temperature; in fact no significant differences 

were found comparing micrographs of CaP_rt and CaP_600.   

AFM analysis (Fig. 5) indicated that CaP_rt showed a highly-

homogeneous granular texture of the surface (Fig. 5a), with 

densely packed ~ 50 - 100 nm sized-grains, occasionally 

aggregating to form larger particulate (size ~ 300 nm), in 

agreement with the FEG-SEM observations. The annealing 

process did not produce significant morphological changes at 

the macro-scale (Fig. 5b), as indicated by the average 

roughness calculated on a 50 x 50 µm2 scan area, that was 

similar between CaP_rt and CaP_600 (Fig. 5c). At the micro-

scale, the surface roughness of CaP_600 was slightly lower 

than the roughness of CaP_rt, as a consequence of a starting 

thermally induced grain coalescence process.  

Contact angle measurements of films deposited on titanium 

disks (whose bare surface was hydrophobic with a contact 

angle of about 73°) showed that the deposition of the CaP 

layer lowered the contact angle value to (50 ± 1)°, as 

expected. Interestingly, the thermal treatment leaded to a 

further significant increase in wettability, since the contact 

angle value was 23 ± 2°, which is a typical value for a 

hydrophilic material. Being the macro-scale roughness 

similar between CaP_rt and CaP_600, the change of the 

contact angle value can be ascribed to the decrease of micro-

scale roughness caused by the thermal treatment.  

 

3.2 Nanoindentation tests  

Film hardness increased after the annealing treatment, 

whereas a slight decrease of the elastic modulus was 

registered (Table 2). As a consequence, the elastic strain to 

failure (H/E) and the resistance to plastic deformation (H3/E2) 

increased from 0.035 to 0.060 and from 0.005 to 0.018, 

respectively, indicating a general improvement of 

mechanical properties after the thermal treatment.  

In Fig. 6a, the indentation load-depth curves for CaP_rt and 

HA_600 applying a 5 mN load are depicted: due to improved 

mechanical properties after annealing, the penetration 

depth of the indenter tip for CaP_600 was half of the 

penetration depth for CaP_rt.  

Indentation depth values vs. applied load are reported in Fig. 

6b: at the same load, the indenter tip penetrated to a lower 

extent for the annealed film compared to the as-deposited 

film. In particular, the gap between the two samples was 

maximized when using a load of 25 mN and became smaller 

at high loads as a consequence of the more prominent effect 

of the mechanical properties of the substrate on the 

measured value. Data for CaP_rt were well-fitted by a power 

law (y = 166,4x
0,4342

; R
2
 = 0,9996) whereas data for CaP_600 

could be better fitted by a polynomial function (y = -0,0246x
2
 

+ 12,906x + 113,12; R² = 0,9987), indicating a close-to linear 
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dependence of the indentation depth upon applied load with 

respect to HA_rt.  

Finally, fracture toughness tests were carried out in order to 

assess the ability to as-deposited and annealed films to 

withstand high loads (Fig. 6c and 6d). When applying a high 

load as 500 mN, whereas on the as-deposited film pile-up 

and film detachment phenomena occurred (white and arrow 

in 4c, respectively), only internal cracks were visible in the 

annealed samples, with no detachment at all of the film. This 

fact suggested, besides high fracture toughness, a very good 

adhesion to the substrate, which is a key property for a 

bioactive HA thin film. 

 

3.3 Micro-scratch tests 

Film adhesion was better addressed by specific micro-scratch 

tests, in which a diamond tip performs a scratch on the 

surface of the film applying an increasing load up to the 

detachment of the film. CaP_rt films showed lower scratch 

resistance than CaP_600 coatings (Fig. 7). For instance, at a 

load of 0.5 N, whereas on the annealed sample (vi) only 

minor surface modification were visible, clear signs of initial 

film detachment appeared on the as-deposited films (iii). 

Similarly, at 1.5 N, whereas the surface of CaP_rt was already 

strongly compromised (ii), only small ductile tensile 

cracking31 were visible on the surface of HA_600 (v, white 

arrows). At the max load (3 N), wedging/spallation 

phenomena were well recognizable in the as-deposited film 

(i, black arrows) and the film was completely detached inside 

the worn track; on the contrary no film spallation occurred in 

the annealed samples, and the film was only cracked by still 

adhered to the titanium substrate (iv).  

 

3.4 Cells viability and adhesion 

Osteoblasts adhesion and proliferation up to 72h was 

evaluated to preliminary assess the biocompatibility of CaP 

and CaP_600 films. No significant differences were detected 

in cellular proliferation among all the groups even after 3 

days of culture, even if the cells adhesion and proliferation 

was generally higher on CaP_600 compared to CaP_rt (Fig. 

8a). This trend was confirmed by immunostaining images 

(Fig. 8b-d), which showed more cells adhesion on CaP_600 

than on CaP_rt. Cytoskeleton staining showed well 

developed actin filaments and the focal adhesion points 

were already high at 3h on CaP_600 (Fig. 8b), whereas cells 

were still not fully spreaded on CaP_rt at 24h (Fig. 8c). 

Images at 72h indicated the formation of connections 

between adjacent cells in both the samples, more developed 

for cells seeded on CaP_600 (Fig. 8d), less for CaP_rt (data 

not shown).  

4. Discussion 

In this work, CaP thin films were deposited by the Pulsed 

Plasma Deposition method and the structural, chemical, 

morphological and mechanical properties of as-deposited 

and annealed films were analyzed.  

CaP films deposited at room temperature exhibited a nearly 

amorphous structure whereas, after annealing at 600°C for 1 

hour in air, a crystalline HA structure was produced. 

Interestingly, the accessories phases (i.e. CaO and Ca(OH)2) 

strongly reduced their relative intensities in the annealed 

films. PS process can  produce either amorphous or 

crystalline HA coatings depending on the  structure of the 

starting materials and the deposition parameters6. When 

treated at 600° C in air PS coatings show the significant 

presence of CaO within the coating, because CaO cannot be 

easily converted into HA without the massive presence of 

water molecules in the heating atmosphere32. Instead, 

physical vapor deposition methods such as PLD and 

magnetron sputtering usually produce amorphous films 

when not heating the substrate at several hundreds of 

degrees33. This fact can be ascribed to the complete 

vaporization of the target material: expelled ions and atoms 

have to efficiently rearrange according to a crystalline 

structure in the growing film by exploiting the kinetic energy 

provided by the vaporization method. Unfortunately, when 

performing the deposition at room temperature, the kinetic 

energy of the incoming ions and atoms is not usually 

sufficient to lead the atoms  rearrangement  according to a 

well-defined crystalline structure, and amorphous films are 

obtained. Thus, it is common procedure to perform thermal 

or laser annealing post deposition treatments to enhance 

film crystallinity and avoid rapidly-dissolving amorphous HA 

films which can lead to detrimental implant mobilization
34

. 

PPD has been already demonstrated to be able to provide 

highly-crystalline films of zirconium oxide even at room 

temperature
21

, thanks to the higher kinetics involved in the 

deposition process
16

. However, the more complex crystalline 

structure and chemical composition of HA compared to 

zirconia as well as the presence of easy-to-form competitor 

phases, did not allow to deposit crystalline HA films at room 

temperature and a thermal annealing to improve crystallinity 

is required.               

The Ca/P ratio of deposited films (1.45) increased after 

annealing (1.96), due to the presence of additional phases, 
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as suggested by the broad peaks of Ca and P in  the XPS 

peaks. The chemical composition of HA films deposited by 

PS, magnetron and PLD techniques can exhibit very different 

Ca/P ratio, even within the same method, ranging from 1.1 

to ~ 3
33

. This significant variation is a consequence of the 

effect of several factors such as deposition temperature, 

pressure, and working gas that can affect and accelerate the 

formation of accessories phase such as CaO and Ca3(PO4)2 , 

leading to a Ca/P ratio decrease, or the preferential 

deposition of calcium rather than phosphorous, leading to a 

Ca/P increase. It has been also demonstrated that the Ca/P 

ratio generally increases with annealing temperature
34

. Thus, 

it can be inferred that the Ca/P value found in this study for 

CaP_rt is due to the significant presence, demonstrated by 

XRD analysis, of CaO and Ca(OH)2 in the as-deposited films 

and not to loss of volatile species contacting phosphorous 

such as P2O5 during deposition
35

. Besides, the rise of the Ca/P 

ratio after annealing can be attributed to a loss of phosphate 

groups at high temperatures.  

Micro- and nano-topography play a key role on the ability of 

the coating to promote new bone apposition
36, 5

. In 

particular, the nanoscale morphology has been 

demonstrated to have a positive impact on bone tissue 

regeneration37.The morphological and microstructural 

analysis carried out by FEG-SEM and AFM revealed that as-

deposited and annealed films prepared in this work showed 

nanostructured morphology, with small and densely packed 

CaP  grains, similar to those observed in the sputtered CaP 

films33 and in contrast with micro-rough porous coatings 

made by PLD and PS34. In addition to improved biological 

activity, it was demonstrated that nanostructured  surfaces 

confer improved fracture toughness and resistance to crack 

formation to the coatings39.  

In order to establish the ability of thin films of HA to 

withstand mechanical loads, nanoindentation tests with 

maximum applied load were performed. Nanoindentation 

tests are useful to characterize the mechanical properties of 

materials at the micron and sub-micron scale, being an ideal 

candidate to test to evaluate the nano-mechanical properties 

of thin films. Once the hardness (H) and elastic modulus (E) 

have been calculated, one can obtain the elastic strain to 

failure (H/E), and the resistance to plastic deformation 

(H3/E2), two parameters that have been increasingly used to 

describe the overall mechanical behavior of films and 

coatings, beyond the only hardness of modulus value40, 41. In 

the present study, due to the fact the H was higher whereas 

E was lower after the thermal annealing process, H/E and 

H3/E2 ratios for CaP_600 were more than two and three 

times higher than for CaP_rt. This clearly indicates an overall 

improvement of the mechanical properties of the HA films 

when treated for 1h at 600 °C in air. In literature, a wide 

range of H values is reported for PS coatings, from 1.5 GPa 

(amorphous HA)
42

 to 9.8 GPa (laser processed HA)
43

. 

However, the vast majority of the papers reports values of 

about 3 - 5 GPa for H
44, 45

. As above-mentioned, PLD has a 

similar setup when compared to PPD that makes the 

comparison of the mechanical properties of deposited films 

more reliable . HA films deposited by PLD show hardness 

values ranging from 1.3-1.9 GPa when heating the substrate 

at 400°C
46

, up to 2-3 GPa when heating the substrate at 

650°C
12

. Similar conclusions can be made for what the H/E 

and H
3
/E

2
 values are concerned. Thus, mechanical properties 

HA films deposited at room temperature in our study, were 

already in line with conventional values for PS coatings, 

despite a reduction of about three orders of magnitude in 

thickness, and generally higher that reported values for PLD. 

It is also worthwhile to remind that, after annealing, the 

mechanical properties of the HA films even significantly 

improved.  

A good adhesion of the HA film or coating to the Ti substrate 

is a fundamental prerequisite for long-term standing coated-

implants. Micro-scratch tests are frequently used to evaluate 

the adhesion of a film to the substrate. By imposing a steady 

or increasing load, the crack formation onset and the film 

buckling and delamination can be observed. Here, annealed 

HA films clearly exhibited a higher scratch resistance when 

compared to as-deposited films, as evidenced by the 

absence of significant delamination even at the maximum 

load (3N), indicating a strongly bonded HA layer on the Ti 

substrate. The comparison with literature data concerning 

scratch tests is hindered by the scarcity of data available and 

to the very different experimental parameters used (max 

load, loading rate, scratch length, etc.). In general, HA thin 

films made by physical vapor deposition techniques such as 

magnetron and PLD exhibit higher adhesion to the substrate 

compared to PS coatings, due to the higher energy of the 

nano-particles impinging the surface of the substrate32. For 

instance, Pichugin and co. investigated the scratch resistance 

of HA films deposited by radio frequency magnetron 

sputtering at 500°C on Ti47, finding that the adhesion 

strength the coatings to the substrate depended on coating 

thickness and decreased for larger thickness than 1.6 µm.; no 

film exfoliation was observed till the max load (2N). Dinda 

and co. instead reported the scratch resistance of HA films (1 

micron thick) deposited by PLD on Ti
36

. No significant 

differences were detected about strength resistance of as-

deposited amorphous and annealed crystalline films, with no 

delamination but only minor cracks up to the max load of 2N. 
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The authors ascribed the good adhesion of the film to the 

low temperature process, that restricted the formation of Ti-

oxide compounds at the interface between the coating and 

substrate that are envisaged to compromise the adhesion of 

the HA layer
48

. It is rationale to believe that this was the 

same reason that lied behind the good adhesion strength 

provided by the HA films described in this work. 

Finally, in vitro cells test indicated similar biocompatibility of 

both as-deposited and annealed films. However, cell 

morphology as well as development of actin filaments was 

more pronounced in the cells seeded on the annealed films, 

suggesting a positive effect of the thermal annealing process 

over the biological properties of deposited calcium 

phosphate films. 

Conclusions 

Highly-homogeneous and nanostructured CaP thin films 

were deposited by the PPD method. Interestingly, HA films 

prepared after the annealing at 600°C of the as-deposited 

coatings at room temperature, showed comparable 

mechanical properties with respect to commercial PS 

coatings, despite the very small thickness, and promisingly 

high values when compared to similar techniques such as 

PLD. The reported results suggest further investigations 

about the use of CaP films realized by PPD as a reliable 

alternative to conventional bioactive coatings in the 

orthopedic and dental fields. 
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Sketch the Pulsed Plasma Deposition (PPD) system setup.  
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a) XRD patterns of as-deposited (i) and annealed (ii) CaP films. Curves are shifted for clarity. Curve in a) 
has been magnified 50 times. b) FTIR spectra of as-deposited (i) and annealed (ii) CaP films.    
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Deconvolution of XPS spectra acquired for the sample CaP_rt sputtered for 300 s: a) Ca 2p region, b) O 1s 
region; c) XPS depth profile of the sample CaP_rt.  
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FEG-SEM micrographs of CaP_rt (a, c) and CaP_600 (b, d) at 25k (a, b) and 100k magnification (c, d).  
200x138mm (150 x 150 DPI)  
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AFM 3D topographical images (5 x 5 um2) of CaP_rt (a) and CaP_600_rt (b). In c), the average roughness 
of as-deposited and annealed films vs. the lateral size  
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Panel showing the results of nanoindentation tests. In a) the mean load-depth curves of CaP_rt and 
CaP_600 are reported for a maximum applied load of 5 mN. In b) the penetration depth achieved by the 

indenter tip for different loads ranging from 1 to 100 mN is reported, together with the relative curve fits. In 
c) and d), the indenter footprints left by a 500 mN load on as-deposited and annealed HA-coated titanium 
respectively, are shown (scale bar is 10 um). In c), white and red arrows mark the formation of pile-up and 

film detachment phenomena, respectively; in d), white arrows indicate the presence of internal film 
fractures, whilst radial cracks are not visible.  
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Panel showing the worn tracks resulting from micro-scratch tests carried out imposing an increasing load 
from 0.1 to 3N on CaP_rt (a) and CaP_600 (b).  The inset i), ii), iii) are enlargements of the white squares 
of a), whereas iv), v) and vi) are enlargements of the white squares in b). Black arrows in i) indicate the 

wedging/spallation phenomenum. White arrows in v) indicate the presence of ductile tensile crackings.    
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Results of the in vitro cell tests. Osteoblasts cell number at 3, 24, 48 and 72h from seeding on CaP_rt and 
CaP_600 a). Immunostaining images evidencing the nuclei (DAPI, blue), the cytoskeleton (TRITC-

conjugated Phalloidin, staining F-actin, red) and the focal adhesion point (FITC-anti-mouse IgG antibody, 

staining vinculin, green) of the cells at 3h (b, CaP_600), 24h (c, CaP_rt) and 72h (d, CaP_600). The scale 
bar in b-d) is 50 um.  
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Chemical composition and Ca/P ratio of as-deposited and annealed films evaluated by XPS measurements.  
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Indentation hardness (HIT), elastic modulus (EIT), elastic strain to failure (H/E) and plastic deformation 

resistance (H3/E2) values for as-deposited and annealed films.  
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