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1. Introduction

In both dental and orthopaedic prostheses, cementless fixation to
bone is gaining increasinglywide acceptance [1,2]. In cementlessfixation,
long-term stability depends on direct bony ingrowth into the surface of
the implant [3], avoiding its undesirable encapsulation by fibrous tissue.
In order to promote such ingrowth, the surface can be coated with an
osteoconductive layer,whichpermits direct attachment andproliferation
of bone tissue [4]. Of the available osteoconductivematerials, hydroxyap-
atite (HA), with chemical formula Ca10(PO4)6(OH)2, is the most widely
used for prosthetic coatings [5], and its preferred deposition method is
plasma-spraying [6], on account of its versatility, relatively low cost,
and short processing time. The deposition of TiO2-based photocatalytic
coatings with antibacterial properties is also possible [7,8].

Very high survival rates are reported [5,9–16] for HA-coated femoral
stems in total hip replacement (THR) arthroplasty, usually superior to
those for cemented or uncoated cementless stems. Good load transfer
between the stem and the attached bone has been observed, with little
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stress shielding [9,11,16–19]. HA coatings have also been claimed to
provide improved performance in dental implants [20,21], tibial com-
ponents for total knee arthroplasty [22–25], and external fracture fixa-
tion pins [26].

It has been stressed that positive long-term implant fixation also re-
quires propermechanical interlocking between the implant surface and
the ingrown bone: the former often has design features to encourage
this, like tapered geometry, macroscopic grooves [27], threads [17,18],
porous coatings (Ti beads or Ti fibermesh sintered onto the implant sur-
face, or porous Ti layers by vacuum plasma-spraying [19,23]), or rough-
ened surfaces (grit-blasted and/or acid etched) [3,21]. For example,
smooth, press-fit acetabular cups for THR reportedly provided unsatis-
factorily high failure rates even when HA-coated [22,24,25], whereas
HA-coated threaded cups gave much better results [3,26].

The current trend in research and industrial practice is therefore
to manufacture thin (≤50 μm) HA layers, which do not alter the
abovementioned textural features [28–30]. Additionally, thinner coatings
usually contain less residual stress, reducing the risks of delamination
[31,32]. Such low thicknesses are barely attainable by plasma-spraying,
since the deposition of a homogeneous dense (the porosity of commer-
cially available coatings is usually ≤10% [3,6,11,22,33–35]) ceramic
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Table 1
HVSFS deposition parameters and maximum substrate surface temperature measured
during spraying.

Set n. Propane
flow rate
(SL/min)

O2 flow rate
(SL/min)

Stand-off
distance
(mm)

Suspension
feed rate
(g/min)

Max. deposition
T (°C)

#1 55 350 120 105.0 454
#2 45 300 120 414
#3 45 350 100 427
#4 55 300 100 550
#5 50 325 110 460

Table 2
APS deposition parameters for the reference HA coating.

Feedstock powder: size distribution/manufacturer 22–45 μm/Ceram
Arc current (A) 500
Primary gas (Ar) flow rate (SL/min) 50
Secondary gas (H2) flow rate (SL/min) 0
Arc voltage (V) 23
Stand-off distance (mm) 100
Gun traverse speed (mm/min) 300
Pass spacing (mm) 3
n. of cycles 6
Powder feed rate (g/min) 11
layer by such technique requires the superposition of a sufficiently large
number of lamellae. This implies a minimum limit for coating thickness,
particularly because the need to retain some unmelted crystalline HA in
the sprayed particles reduces their degree of flattening on the substrate
[36]. Consequently, an electrodeposition technique has been explored
in some publications [28–30] in order to reduce HA thickness to below
50 μm. Even more literature exists on the use of sol–gel methods for
the deposition of thin hydroxyapatite films [37–45]. These methods are
highly versatile; for instance, they allow the deposition of nanocomposite
hydroxyapatite films reinforced with nanotubes [39], or of doped films
containing elements such as F and Sr, in order to tailor the interaction
with osteoblastic cells [40,41], or Ag, in order to provide an antibacterial
action [42]. They also feature high productivity and relative ease of imple-
mentation [37,38].

Despite these advantages, the use of the sol–gel method on an in-
dustrial scale imposes a complete technological change, relative to
state-of-the-art thermal spray processes. It also requires accurate con-
trol of the stability of the sols and of all the stages of coating formation,
which include sol application, drying/gelation, and final conversion to
crystalline hydroxyapatite [37–45]. When producing pure hydroxyapa-
tite films (with no organic or polymeric additives), conversion is
achieved by heat treatment of the coated component at temperatures
which may be as high as 600 °C [40,42,43,45], 700 °C [43], 750 °C
[44], 800 °C [45], 900 °C [37], or 1000 °C [41], for durations ranging
from 5 to 15 min [45] up to 1 or more hours [40–44]. Such process
can cause distortions and/or phase alterations in the substrate mate-
rials. Moreover, even though literature reports high adhesion strength
of sol–gel hydroxyapatite to metal substrates [38,43], the heat treat-
ment may induce thermal stresses in the coating. It has even been pro-
posed to modify the substrate alloy composition in order to match its
thermal expansion coefficient to that of the hydroxyapatite layer, to
avoid this problem [45].

The present study therefore aims to implement an innovative ther-
mal spray deposition technique, namely the High Velocity Suspension
Flame Spraying (HVSFS) process, in order to deposit thin (≤50 μm), ho-
mogeneous hydroxyapatite layers on titanium plates. The HVSFS pro-
cess overcomes the abovementioned limits of conventional plasma-
spraying whilst retaining the basic advantages of all thermal spraying
processes in terms of versatility andhigh productivity [46–53].Most im-
portantly, it avoids the need for extended heat treatments on entire
coated parts, it does not involve major technology changes, and it
does not require careful control over the stability of sols, provided that
a stable suspension can be commercially procured.

This paper specifically investigates the microstructure, phase com-
position, and micromechanical properties of HVSFS-deposited HA coat-
ings as a function of the process parameters and of the presence or
absence of a ceramic bond coat (plasma sprayed TiO2) between the
HA layer and the titanium substrate. The possibility of controlling the
crystalline phase content of coatings is also addressed.

The reactivity of the layerswas tested by soaking in a simulated body
fluid solution and their potential use as osteoconductive layerswas eval-
uated by in vitro cell culturing tests (cytotoxicity and cytocompatibility
tests).

2. Experimental

2.1. Preparation and characterisation of powders and suspensions

The hydroxyapatite (HA) suspension, provided by Ce.Ri.Col. S.p.A.
(Sovigliana, Italy), consisted of diethylene glycol (DEG) containing
13 wt.% dispersed nanosized particles.

The morphology of the powder particles was characterised by TEM
(JEM2010, JEOL, Tokyo, Japan) and their size distributionwasmeasured
by laser scattering (Mastersizer 2000with Hydro-2000S wet dispersion
system, Malvern Instruments, Malvern, UK). The phase composition
was investigated by X-ray diffraction (XRD: X'Pert PRO, PANAlytical,
Almelo, The Netherlands) using Cu-Kα radiation from an emission
tube operated at 40 kV, 40 mA.

2.2. Coating of samples

The substrates, 50 mm × 50 mm × 3 mmplates of grade 2 titanium,
were grit-blasted with corundum particles (260 μm average size) using
a manual gun operating at a pressure of 6 bar, obtaining a roughness of
Ra ≈ 3.3 μm, Rz ≈ 26.2 μm. Half of the plates were also coated with a
≈70 μm-thick atmospheric plasma-sprayed (APS) TiO2 layer (bond
coat), deposited using the same process parameters as in [51]. Its surface
roughness, measured by stylus profilometry (Mahr Perthometer,
Göttingen, Germany), was Ra ≈ 4.7 μm and Rz ≈ 34.5 μm.

The HA layers were deposited onto grit-blasted and bond-coated
plates using the HVSFS technique, as described in detail in [46,50]. Brief-
ly, the suspension was mechanically fed through an axial conical injec-
tor, with an exit orifice of 0.9 mm diameter, into a custom-made
cylindrical-conical combustion chamber [49,54] of a Top Gun-G HVOF
torch (GTV GmbH, Luckenbach, Germany).

The gun, mounted on a 6-axis robot (Stäubli, Bayreuth, Germany),
was horizontally scanned in front of the stationary substrates, with a
pass velocity of 600 mm/s and a vertical distance of 2 mmbetween con-
secutive passes (interpass spacing), corresponding to a ≈50% overlap
between the stream footprints. Only one scanning cycle was performed.
The substrates (both bare and bond-coated) were preliminarily pre-
heated to≈250 °C in two torch scanning cycles with no suspension in-
jection. The surface temperature of the substrates was continuously
monitored during the process using an infrared pyrometer (Keller
HCW, Ibbenbüren-Laggenbeck, Germany).

Five distinct sets of process parameters were employed, as listed in
Table 1.

An estimate of deposition efficiency, defined as the ratio between
the mass of material deposited onto the substrate and the overall
mass of solid material sprayed during the HVSFS process, was obtained
by weighing the substrates before and after the deposition using an an-
alytical scale (accuracy 0.01 g). Deposition efficiencies were in the
range of 45–55%, but the weighing method was not accurate enough
to identify differences between the deposition efficiencies produced
by the 5 different sets of process parameters.

As a term of comparison for the structural, microstructural, and
micromechanical characterisation, a HA layer was also deposited onto
grit-blasted Ti plates by APS using a GTV F6 torch equipped with



standard 6 mm-diameter nozzle. The process conditions, listed in
Table 2, were selected in order to obtain N50% crystalline hydroxyapa-
tite content, which is representative of the properties of the APS HA
layers currently employed in prosthetic applications as reported for ex-
ample in [3,6,11,12,19,22,28,29,33,55–58].
Fig. 2. XRD patterns of the HA nanopowder, of the HVSFS-deposited coatings, and of the
APS reference. Legend: TTCP = tetracalcium phosphate 4CaO·P2O5 (JCPDF 25-1137);
β = β-tricalcium phosphate Ca3(PO4)2 (JCPDF 9-169); Ti = titanium (JCPDF 44-1294);
peaks not labelled = hydroxyapatite Ca10(PO4)6(OH)2 (JCPDF 9-432).
2.3. Structural and microstructural characterisation of the coatings

Cross-sections of the HVSFS and APS HA layers were prepared by
cold-mounting in polyester resin, grinding with SiC papers (up to 2500
mesh), and polishingwith diamond slurries (up to 3 μmsize) and colloi-
dal silica suspension. Theywere then characterised by scanning electron
microscopy (SEM: XL30, FEI, Eindhoven, The Netherlands) with energy
dispersive X-ray (EDX)microanalysis (INCA: Oxford Instruments Analyt-
ical, Abingdon, UK). The thickness of the coatingswasmeasured by image
analysis (software: ImageJ version 1.43u, NIH, Bethesda, MD, USA) on
SEM micrographs. Additional SEM + EDX analyses were made on frac-
tured sections, obtained by breaking thin coated bars (cut from coated
plates) in liquid nitrogen.

Fragments scraped from some of the HA coatings were employed
for TEM imaging, for simultaneous differential thermal analysis +
thermogravimetry (DTA + TG) tests, carried out in flowing air at a
heating rate of 20 °C/min up to 1400 °C (STA 429: Netzsch, Selb,
Germany), and for Z-potential assessments (Zetasizer Nano ZS, Malvern
Instruments). Z-potential was obtained from measurements of electro-
phoretic mobility (UE) through the Henry equation in Smoluchowski
approximation: UE = 2kεZ / (3η), where ε = dielectric constant;
η = viscosity; Z = Z-potential; k = constant = 1.5. For these mea-
surements, a suspension with 1 g/L solid content was obtained by dis-
persing the scraped powder in distilled water; the pH was adjusted by
mixing the suspension with commercially available saline buffer solu-
tions (Sigma-Aldrich Fluka) in a volume ratio of 3:1. The actual pH
value of the buffered suspension was determined immediately before
the Z-potential measurement. As a term of comparison, the same
Z-potential measurements were carried out on the pure crystalline
hydroxyapatite powder used as feedstock for the APS depositions
(Table 2).

The structural features of the coatings were assessed by XRD on top
surfaces and by micro-Raman spectroscopy (LabRam: Horiba Jobin-
Yvon, Villeneuve D'Ascq, France), performed on polished cross-sections
using a 632.81 nm-wavelength He–Ne laser source focused through a
100× lens.
Fig. 1. TEM micrographs (A: overview; B: high
The amount of crystalline hydroxyapatite phase was quantified by
acquiring the pattern of a pure microcrystalline HA powder (Captal
60, Plasma Biotal, Tideswell, UK) under identical operating conditions
and by computing the integrated intensities of the (2 1 1), (1 1 2) and
(3 0 0) diffraction peaks, nominally located at 2θ angles of 31.8°, 32.2°,
and 32.9° respectively (according to the JCPDF 9-432 powder diffraction
file), for both the coatings and the reference powder, in accordancewith
[59]. The ratio between the integrated intensities of the diffraction
peaks of the coatings, and of the reference powder, provided the desired
quantification.

The micro-Raman spectra were also fitted with Gaussian peak func-
tions as shown in [60,61], when the peaks of crystalline hydroxyapatite
were distinguishable from those of other crystalline and glassy phases:
the amount of crystalline hydroxyapatite was defined as the ratio be-
tween the integrated area of the hydroxyapatite peak and the overall in-
tegral area of all peaks.

Further XRD patterns were acquired on low crystallinity samples
after heat treating in air using an electric furnace, in order to investigate
the re-crystallisation behaviour of HVSFS coatings. Treatment tempera-
tures were selected based on DTA + TG results (see Section 3.1). In all
resolution) of the hydroxyapatite powder.
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cases, the heating rate was 10 °C/min and the isothermal treatment du-
rationwas 1 h. The samples were then slowly cooled inside the furnace.

2.4. Mechanical characterisation of the coatings

The hardness and elastic modulus of the HVSFS and APS HA coatings
were assessed by depth-sensing Berkovich nano-indentation (NHT: CSM
Fig. 3. SEMmicrographs of HA samples #1 (A: polished section; B: fracture section), #2 (C: polish
section; H: fracture section), #4without bond coat (I: polished section; L: fracture section), #5 (M
onto TiO2 bond coat exceptwhere noted. Inpanels B, F, theHA/TiO2 bond coat interface is also sho
layers; in panel O, the arrows indicate unmelted inclusions.
Instruments, Peseux, Switzerland). Forty indentations were performed
on the centreline of the polished cross-section of each sample, with pre-
scribed maximum penetration depth of 500 nm, loading and unloading
rates of 70 mN/min, and holding time at maximum load of 15 s. The re-
sults were analysed according to the Oliver–Pharr method, as prescribed
by the ISO 14577 standard, and the Poission's ratio of the material was
assumed to be 0.23. The average ± standard deviation of hardness and
ed section; D: fracture section), #3 (E: polished section; F: fracture section), #4 (G: polished
: polished section; N: fracture section), and of the APS reference (O). All samples deposited
wn; in panel I, thedashed line indicates the boundary between twomorphologically distinct
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Fig. 3 (continued).
elastic modulus were assessed for each coating. The data were also fitted

to the Weibull probability function F xð Þ ¼ 1−e
x
x0

� �m

(with F(xi) = i /
(n + 1) probability associated to the i-th data point of a series of n
data points [62]) in order to obtain the Weibull modulus m.

The adhesion strength of the HVSFS-deposited HA coatings was
measured by tensile adhesion testing according to ISO 4624, following
the experimental procedure described in [63].

2.5. Soaking tests in simulated body fluid (SBF) solution

Samples of 10 mm × 10 mm were cut from the coated plates and
vertically immersed in plastic containers filled with 20 mL of simulated
body fluid (SBF) solution, prepared according to the formulation given
by Kokubo and Takadama [64]. The containers were kept at 37 °C in
an environmental chamber (MPM Instruments, Bernareggio, Italy) and
the SBF solution was changed every three days, in order to simulate
the dynamic conditions encountered in living organisms. The samples
were immersed for periods of 1, 3, 7, 14 days.

After extraction, the samples were rinsed with distilled water and
dried in air. Their structural and microstructural features were assessed
by XRD, by environmental SEM (ESEM: Quanta 200, FEI) investigation
under low vacuum conditions (water vapour atmosphere at a pressure
of ≈1 mbar), and by micro-Raman spectroscopy, performed both on
top surfaces and polished cross-sections of soaked samples (the latter
prepared according to the procedure described in Section 2.3).

2.6. In vitro cell interaction

In vitro cytotoxicity and cytocompatibility tests were performed
using a human osteosarcoma cell line Saos-2 (CRL 1427) model. Sam-
ples (10 × 10 × 3 mm3) of HA were obtained by mechanical cutting
and disinfected by soaking in 70% ethanol solution and then rinsed in
sterile D.I. water.

The culturemediumused for both cytotoxicity and cytocompatibility
tests is McCoy's 5A modified medium with 15% Fetal Bovine Serum
(FBS), 2% sodium pyruvate and 1% penicillin/streptomycin. For cytotox-
icity tests HA samples were immersed in the medium for 2 and 7 days
maintaining a surface/medium ratio of 3 cm2 mL−1. Culture medium
was also aged for 2 and 7 days and used as internal control.

After 2 or 7 days of incubation, medium extracts were put into con-
tact with Saos-2 cells (density = 104 cells cm−2) on 96-well tissue cul-
ture plates (TCPs). Cells were cultured for 24 h and cell viability was
investigated by Alamar Blue colorimetric assay at an excitation wave-
length of 510 nm and emission wavelength of 590 nm. Measurements
for each specimen were triplicated.



In cytocompatibility tests, 7 specimens were incubated for two
days in complete medium and then seeded using a cell density of
1 × 104 cells cm−2. After 24 h, 3, and 7 days of incubation, cell viability
onto HA specimens was assessed using Alamar Blue colorimetric assay
(5 specimens for each time point). In order to evaluate cell morphology
at each time-point, samples were prepared following a standard dehy-
dration procedure based on different ethanol concentrations and then
observed by SEM.

3. Results and discussion

3.1. Structure and microstructure of the coatings

The HA powder consists of nanometric particles (as nominally
expected) of elongated, somewhat acicular shape (Fig. 1A), approximate-
ly 50 nm wide and 100–150 nm long. The equivalent diameters mea-
sured by laser scattering on the DEG-based suspension are d10 =
94 nm, d50 = 134 nm, d90 = 160 nm. These values match reasonably
well with TEM observations, provided that the highly irregular shape of
the particles deviates widely from the ideal spherical geometry assumed
in the laser scattering technique. XRD patterns confirm the presence of
pure hydroxyapatite phase in this powder (Fig. 2), and quantitative com-
putations (according to Section 2.3) accordingly indicate 100% crystalline
hydroxyapatite content. High resolution TEM micrographs suggest that
the powder particles are polycrystalline, with nanometric crystals
(Fig. 1B). Their sizewas assessed from theXRDpattern using the Scherrer
formula [65], using the integral breadths of the (102), (201), (211),
(112), (300), (202) peaks of hydroxyapatite, all located in the small 2θ
range comprised between 28° and 34° (according to JCPDF 9-432). The
pattern was fitted using pseudo-Voigt peak functions and a polynomial
background. The results show that crystal grain sizes are around 25 nm.

TheHVSFS-deposited coatings appear homogeneous and free of large-
scale defects, apart from some transverse microcracks (Fig. 3A–N). Their
dense microstructure, with little porosity, resembles that of the HVSFS-
Fig. 4. Secondary electron SEMmicrographs showing the surfaces of the HVSFS HA coating #1
(viewed at an angle of 35°) of the HVSFS HA coating #2 deposited onto the TiO2 bond coat. In p
sized spherical particles inside small porosities.
deposited tricalcium phosphate (TCP) coatings characterised in [53],
whereas it differs substantially from the more inhomogeneous appear-
ance of the APS reference, which contains several unmolten rounded in-
clusions (Fig. 3O). In the cross-sections and fracture surfaces of the
HVSFS layers, splats are nearly unrecognisable (Fig. 3A–N): they can
only be identified on the top surfaces (Fig. 4A). Their size is much smaller
than that of plasma-sprayed splats (Fig. 4B), with diameters ranging from
a few micrometres down to ≤500 nm.

The typical ratio between splat diameter and original droplet di-
ameter (i.e. the splat flattening ratio) for many HVSFS-deposited ce-
ramics is≈2 [53,66]. In particular, this flattening ratio wasmeasured
in [53] for TCP splats of micrometric size, deposited by HVSFS using
process parameters similar to the present ones. This value can be ex-
tended to the present HA splats, also on account of the similarity be-
tween the thermo-physical properties of TCP and HA [53]. The
present HVSFS-deposited HA coatings are therefore inferred to be
primarily built up from the flattening of molten droplets of ≈0.5–
1.5 μm diameter. Clearly, such droplets do not come from individual
molten nanoparticles, but from the melting of micron-sized agglom-
erates of nanoparticles.

In accordancewith classical descriptions of suspension sprayingpro-
cesses [67,68], the stream of the feedstock suspension was fragmented
into liquid drops as it came into contact with the exhaust gas flow,
after injection into the combustion chamber of the HVSFS torch. As
diethylene glycol was evaporated from the drops, the solid fraction
was released, primarily in the form of agglomerates. Agglomerates of
0.5–1.5 μmdiameter suggest an original drop size of somemicrometres.
This matches well with finite element simulations, predicting liquid
drop sizes of≤10 μm [54] and down to≈1 μm [69] after fragmentation
of a liquid stream axially injected into a supersonic combustion gas jet.

SEM micrographs suggest that the reason the lamellae are almost
unrecognisable across the coating cross-sections and fracture surfaces
is presumably a result of splat boundary sintering (the circled area of
Fig. 4A shows partial sinteringbetween two lamellae on the top surface).
(A) and of APS HA (B), viewed at an angle of 45°, and details (C, D) of the fracture surface
anel A, the circle indicates sintered splats; in panel D, the arrows indicate sub-micrometre-
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Fig. 5. (A) Micro-Raman spectra acquired on the cross-section of some HVSFS layers (the
dashed lines indicate the exact position of the most intense peak) and (B) example of
fitting of the 962 cm−1 peak in a spectrum acquired on HA sample #4 deposited onto
the TiO2 bond coat.

Table 3
Thickness of the HVSFS-deposited HA coatings and of the APS reference (average ± stan-
dard deviation) from image analysis and content of crystalline hydroxyapatite phase from
XRD pattern analysis.

Process parameter set Thickness
(μm)

Crystallinity (%)
without bond coat

Crystallinity (%)
with bond coat

#1 27 ± 3 14 14
#2 33 ± 5 8 14
#2 34 ± 2 11 22
#4 37 ± 4 47 70
#5 34 ± 4 16 24
APS reference 63 ± 12 62 N/A
A significantly large number of fine particles impinge almost simulta-
neously onto the substrate during each pass of the torch. With an over-
lap of ≈50% between stream footprints during consecutive passes,
approximately 13–19 μm thick layers are deposited during one cycle.
Since splats are ≤500 nm thick (which is inferred from the previously
estimated droplet diameters and from a flattening ratio of ≈2), at
least 30–40 splats are deposited simultaneously on top of one another
in molten condition, which allows for viscous flow sintering in spite of
the high cooling rates, analogously to the mechanisms described in
[53] for equally dense HVSFS TCP coatings.

Small, nanometric particles (Fig. 4C) or somewhat larger,micrometric
or sub-micrometric rounded particles (Fig. 4D, arrows) are sometimes
found inside the few porosities of these layers, corresponding to agglom-
erates which reached the substrate in unmelted or re-solidified condi-
tions, respectively. The re-solidified agglomerates are very small in size,
which presumably reflects the disruption of some original micron-sized
aggregates into smaller ones and/or into individual nanoparticles, as pro-
posed in [68] for a suspension plasma-spraying process. Due to their
small size, they are easily cooled and deflected by the stagnation flow
in front of the substrate.Many are lost, thus accounting for the deposition
efficiencies no higher than 45%–55%, while the fewwhich can stick to the
surface are embedded in the coating in a re-solidified condition, as exper-
imentally observed. This can be understood from a calculation of the
Stokes number (St) of an individual nanoparticle. The Stokes number
expresses the balance between the characteristic time scale of the
aerodynamic response of a particle entrained in a turbulent viscous
flow (τA) and the time scale of turbulent eddies in the viscous flow itself
(τF) [70]:

St ¼ τA
τ F

¼
ρPd

2
P

�
18μG

d
.

U

:

The turbulent feature under investigation is the stagnation flow,
consisting of a gas layer flowing parallel to the substrate surface, ap-
proximately d ≈ 10 mm thick [71]. A hydroxyapatite particle (density
ρP = 1356 kg/m3 [72]) with diameter dP = 134 nm (i.e. the d50 equiv-
alent diameter of the hydroxyapatite particles), entrained in a gas with
dynamic viscosity μG ≈ 65 μPa·s (approximate viscosity of an exhaust
gasmixture at 1600 °C [73])flowing at a velocity U ≈ 800 m/s (velocity
of the free HVSFS gas jet, 100–120 mm away from the torch nozzle exit
[74]) is St ≈ 0.004, i.e. much lower than unity. Individual nanoparticles
therefore follow the stagnation flow along a trajectory parallel to
the surface of the substrate plates [75]. Small agglomerates are less
deflected, but their normal impingement velocity also decreases while
they acquire a velocity component parallel to the substrate surface.

In greater detail, structural andmicrostructural differences are noted
between the HA sample #4with bond coat (Fig. 3G, H), the onewithout
bond coat (Fig. 3I, L) and all the other HA samples (#1: Fig. 3A, B; #2:
Fig. 3D, C; #3: Fig. 3E, F; #5: Fig. 3M, N).

The latter, irrespective of the presence or absence of the bond coat, ex-
hibit smooth fracture surfaces (Fig. 3B, D, F, N), resembling that of bulk
glass. These samples are found to consist mainly of a glassy phase, the
presence of which is clearly revealed by XRD patterns, with the broad
band occurring at 25° b 2θ b 35° (Fig. 2), and by the micro-Raman spec-
tra (Fig. 5A). The main Raman peak, associated to the v1 vibration mode
of PO4

3− tetrahedra, is very broad and located at 950 cm−1, typical of
glassy Ca phosphate [61,76]. The total amount of crystalline hydroxyapa-
tite phase, assessed from the XRD patterns according to the procedure
outlined in Section 2.3, never exceeds 24%, even though the TiO2 bond
coat seems to have a slight enhancement effect (Table 3). There are also
small diffraction peaks of tetracalcium phosphate (TTCP: JCPDF 25-
1137) and β-TCP (JCPDF 9-169) (Fig. 2).

In the XRD pattern of sample #4 sprayed onto the bond coat, the
glassy band ismuchweaker,while the diffraction peaks of crystalline hy-
droxyapatite are stronger (Fig. 2), corresponding to an overall amount of
70% (Table 3). The sharper v1 Raman peak located at 962 cm−1 also in-
dicates crystalline hydroxyapatite as the main phase [77,78]. The
Raman spectra of this sample can be fitted with Gaussian peak functions
as described in Section 2.3 (Fig. 5B): four peak components were as-
sumed, located at 942 cm−1 (β-TCP + TTCP: individual contributions
are undistinguishable due to the overlap between their Raman peaks
[60]), 953 cm−1 (glassy Ca phosphate), 963 cm−1 (hydroxyapatite),
and 971 cm−1 (β-TCP [60]). The result, indicating 64% crystalline
hydroxyapatite, is quite consistent with the XRD analysis. The
rougher fracture surface (Fig. 3H) is accordingly characteristic of a poly-
crystalline material: consistently with such results, equiaxed, polygonal
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Fig. 7. DTA–TG curves acquired on powder scraped from HA sample #1 (A) and XRD pat-
terns of HA sample #1deposited onto the TiO2 bond coat after heat treatment for 1 h in air
at various temperatures (B). Legend of panel B: TTCP = tetracalcium phosphate
4CaO·P2O5 (JCPDF 25-1137); β = β-tricalcium phosphate Ca3(PO4)2 (JCPDF 9-169);
TiO2 = rutile (JCPDF 21-1276); CaO = calcium oxide (JCPDF 37-1497), all unlabelled
peaks = hydroxyapatite Ca10(PO4)6(OH)2 (JCPDF 9-432).
nanocrystals were identified by TEM micrographs and by related SAED
patterns (Fig. 6).

When sprayed onto bare grit-blasted Ti, by contrast, sample #4
exhibits a 2-layer structure, highlighted by dashed lines in Fig. 3I. The
bottom layer, close to the substrate interface, is morphologically similar
to samples #1, #2, #3, and #5 (Fig. 3I), and its micro-Raman spectrum
indicates a mainly glassy structure (Fig. 5A). The top layer, by contrast,
exhibits a rough fracture surface (shown in Fig. 3L), similar to that of
sample #4 deposited onto the TiO2 bond coat (compare to Fig. 3H). Its
micro-Raman spectrum (Fig. 5A) accordingly reflects the presence of
some crystalline hydroxyapatite, although the fitting procedure indi-
cates a content of 41%, i.e. lower than that of the sample deposited
onto the TiO2 bond coat. XRD patterns also indicate a hydroxyapatite
content of 47% (Table 3): this value mainly reflects the composition of
the top layer, since the limited penetration depth of X-rays through
HA results in most of the diffraction intensity being contributed by the
top half of the coating (weak diffraction peaks of the substrate appear
only in the diffraction pattern of the thinnest #1 sample, Fig. 2).

These peculiar structural and microstructural features can be
explained as follows. In all of the HVSFS-deposited coatings, the cooling
rate of the splats immediately after impact is very high (≈107 °C/s), and
it decreases onlywhen their temperature comes close to that of the sub-
strate. This was shown, for instance, by numerical calculations on the
previously mentioned HVSFS-deposited TCP splats [53].

At the incongruentmelting point of hydroxyapatite (≈1570 °C [60]),
the splats cool at such a high rate as to largely suppress the crystallisation
process which would occur from the melt under thermodynamic equi-
librium conditions (involving the nucleation and growth of TTCP and
β-TCP from the phosphate melt and their subsequent peritectic reaction
to yield hydroxyapatite). Due to the good glass forming ability of P2O5

[79], an undercooled melt is developed. Its formation is consistent with
the previously noted occurrence of interlamellar sintering by viscous
flow in all of the HVSFS-deposited samples: viscous flow is enabled by
the formation of an undercooled melt, whereas it would be hindered or
suppressed if direct crystallisation occurred at the very beginning of
the cooling process.

As the undercooledmelt approaches the average surface temperature
of the coated system, its cooling rate decreases, and the development of a
crystalline hydroxyapatite phasemay become possible. However, during
the deposition of HA samples #1, #2, #3, and #5,maximum surface tem-
peratures of around or below 450 °C were attained (Table 1): in these
cases, the splats did not remain at T N 450 °C for more than a few
microseconds.
Fig. 6. TEMmicrograph acquired on fragments scraped from HA sample #4 deposited onto the TiO2 bond coat (A) and corresponding SAED pattern (B).
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Table 4
Indentation hardness (HIT) and elastic modulus (EIT) obtained from nanoindentation
testing of the HA coatings: average ± standard deviation, characteristic Weibull value
(H0; E0) and Weibull modulus (mH; mE).

Sample Indentation hardness HIT Elastic modulus EIT

Average ± Std.
dev. (GPa)

H0

(GPa)
mH Average ± Std.

dev. (GPa)
E0
(GPa)

mE

#1 2.9 ± 0.8 3.8 8.4 67 ± 12 75 9.7
#2 3.2 ± 0.5 3.4 6.9 66 ± 7 69 10.3
#3 3.7 ± 0.5 3.9 5.5 74 ± 9 77 8.9
#4 with bond
coat

4.5 ± 0.4 4.6 5.4 94 ± 6 95 9.3

#4 w/o bond
coat

Top layer:
4.2 ± 0.6

4.4 6.7 Top layer:
89 ± 4

92 12

Bottom layer:
3.5 ± 0.6

3.7 5.0 Bottom layer:
84 ± 21

90 3

#5 3.7 ± 0.4 3.9 4.7 75 ± 10 82 9.1
APS 2.9 ± 0.6 3.1 3.3 56 ± 10 60 5.0

Fig. 8. Tensile adhesion strength of the HVSFS-deposited HA coatings.
In these conditions, re-crystallisation of hydroxyapatite is barely
possible, since this process can only occur above 450 °C, as shown by
DTA–TG measurements (Fig. 7A) and by XRD analysis on heat treated
samples (Fig. 7B). DTA curves exhibit a broad exothermal peak ranging
Fig. 9. SEMmicrographs (secondary electrons) of the cross-section (A) and top surface (B) of H
solution.
approximately from 450 °C up to 750 °C. This peak reflects the
crystallisation of hydroxyapatite from glassy Ca phosphate, with an as-
sociated mass gain of 1.2% due to hydroxylation. After heat treatment
performed at 400 °C (i.e. below the onset temperature of the DTA
peak), no quantitative phase change occurs (Fig. 7B), whereas the con-
tent of crystalline hydroxyapatite in the samples (assessed as described
in Section 2.3) rises to 85%–98% after heat treatments at 600 °C (around
or immediately above the peak temperature, see Fig. 7A) and 800 °C
(above the peak temperature). These results are consistent with previ-
ous thermal analyses of glassy Ca phosphate [80]. Interestingly, some
CaO appears after treatment at 800 °C but not after treatment at
600 °C (Fig. 6B), which is perfectly consistent with [81], which states
that CaO crystallises from glassy Ca phosphate together with hydroxy-
apatite starting from 698 °C. The slight weight loss at low temperatures
in Fig. 7A is instead associatedwith the desorption ofwatermolecules or
of other adsorbed species from the surface of the scraped coating frag-
ments, in accordance with [82,83].

HA samples #1, #2, #3, and #5 can therefore only contain a little
crystalline hydroxyapatite, which may be partly contributed by a very
limited extent of re-crystallisation in the splats, and partly by the em-
bedment of a few unmelted agglomerates, as seen in Fig. 4B. The TTCP
and β-TCP phases may derive from re-solidified agglomerates that ex-
perienced slightly lower cooling rates and may have had time to nucle-
ate and grow crystalline phases at the incongruent melting point.

In contrast, when depositing sample #4 onto the TiO2 bond coat, the
maximum surface temperature of 550 °C (Table 1) exceeded the
threshold for the onset of hydroxyapatite re-crystallisation (Fig. 7A),
so that the undercooled melt in the flattened splats had considerably
longer times (some seconds, corresponding to the time the system re-
mains at the maximum surface temperature immediately after a torch
pass) to re-crystallise. The equiaxed, nanocrystalline texture of this
sample is indeed perfectly consistent with re-crystallisation of a largely
undercooled melt, a process where homogeneous nucleation often
prevails over heterogeneous nucleation and where the nucleation rate
is usually high compared to the grain growth rate. If instead direct
crystallisation had occurred as soon as the splat attained solidification
temperature, columnar grainswould have been developed by heteroge-
neous nucleation at the bottom of the splats, as normally occurs in con-
ventional thermal spraying.

The high average surface temperature during deposition,which is the
key to the marked crystallinity of this sample, can be ascribed, on one
hand, to the greater heat delivered by the HVSFS gas jet to the substrate
surface using parameter set #4, which features a low stand-off distance
and an oxygen/fuel ratio close to unity (Table 1), implying the highest
VSFS HA sample #4 deposited onto the TiO2 bond coat, after 14 days of soaking in the SBF
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Fig. 10.XRDpatterns (A) and Raman spectra (B) of HVSFSHA sample #4 deposited onto the
TiO2 bond coat, in as-deposited condition and after various soaking times in SBF. Legend of
panel A: □ = tetracalcium phosphate 4CaO·P2O5 (JCPDF 25-1137); ○ = β-tricalcium
phosphate Ca3(PO4)2 (JCPDF9-169); peaksnot labelled = hydroxyapatite Ca10(PO4)6(OH)2
(JCPDF 9-432).

Fig. 11. Cross-sectional SEM micrograph (secondary electrons) of HVSFS HA sample #5
deposited onto the TiO2 bond coat, after 3 days of soaking in SBF (A), and corresponding
EDX spectra (B).
flame temperatures at the substrate location. On the other hand, the TiO2

bond coat acted as a thermal insulating layer, slowing down heat extrac-
tion from the deposited material to the metal substrate. This favoured
immediate attainment of the highest surface temperature during deposi-
tion and its persistence for a longer time. The thermal conductivity of
bulk TiO2 (8.5W/(mK) at 20 °C and 3.9W/(mK) at 400 °C [84]) is indeed
intrinsically lower than that of Ti grade 2 (20.8W/(mK) at 20 °C and 18.1
W/(mK) at 400 °C [84]), and, with an atmospheric plasma-sprayed TiO2

layer, it is further reduced by the presence of pores, microcracks and in-
terlamellar defects [85]. It is important to observe, however, that the TiO2

bond coat starts to play a significant role only in combination with suffi-
ciently “hot” process parameters.

In these conditions, the importance of the TiO2 bond coat as a thermal
insulator, as previously noted byHeimann et al. [36,60], is also clear from
the fact that, when it is not employed, even with process parameter set
#4, the higher thermal conductivity of the bare Ti substrate rapidly
quenches the first layer of deposited material to below the 450 °C
threshold, suppressing crystallisation. Because of the 50% overlap be-
tween stream footprints, during each pass of the torch, part of the mate-
rial is not sprayed directly onto the substrate, but onto the ceramic layer
deposited during the previous pass. The temperature of this layer is pre-
sumably still higher than the original pre-heating temperature of the
substrate, and its thermal conductivity is lower than that of bare Ti. The
surface temperature can, at this point, reach up to 550 °C using parame-
ter set #4, and the new layer can re-crystallise, even though not as exten-
sively as with the TiO2 bond coat, presumably because heat extraction
from the bare metal substrate is, in any case, faster and the maximum
surface temperature is maintained for a shorter period.

When the new layer is deposited, the previous layer is also re-
heated, but this is clearly not sufficient to induce re-crystallisation. A
similar phenomenon occurred in [49] duringmulti-cycle HVSFS deposi-
tion of HA coatings: in that case, a structural gradientwas developed be-
tween different layers sprayed during consecutive cycles. It is inferred
that a thermal gradient exists across the coating during spraying, so
that the temperature in the bottom layer, close to the substrate inter-
face, is not as high as that of newly deposited material on the outer
surface.

It can therefore be postulated that, by controlling the process param-
eters and by the optional addition of a ceramic bond coat, an adjustable
balance between quenching and re-crystallisation phenomena can be
achieved in HVSFS-deposited layers, so that crystallinity can be varied
across a wide range, while maintaining the same dense, homogeneous
microstructure. Conversely, in plasma-sprayed HA layers an increase
in the crystalline hydroxyapatite content requires the embedment of
unmelted material, which compromises the density and homogeneity
of the layer.
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Fig. 12. SEMmicrographs (secondary electrons) of the top surface of HVSFS HA sample #3 deposited onto the TiO2 bond coat, after 1 day of soaking in SBF (A: area covered by precipitate
layer; B: area not covered by precipitate layer), after 3 days (C), and after 7 days (D).
3.2. Micromechanical properties of coatings

All of the HVSFS-deposited HA layers with low crystallinity (samples
#1, #2, #3, and#5) exhibit similar indentation hardness and elasticmod-
ulus (around 3.5 GPa and 70 GPa respectively, Table 4), irrespective of
the presence or absence of the TiO2 bond coat. As noted in Section 3.1,
these layers are indeed all similarly dense and they all consist mainly of
glassy Ca phosphate. The crystalline hydroxyapatite content does not
vary enough to affect themechanical properties in a perceivableway. Ad-
hesion strength values are also relatively unaffected by process parame-
ters (Fig. 8), but are enhanced by the TiO2 bond coat. While the higher
surface roughness (Section 2.2) and the different surface profile of the
plasma-sprayed TiO2 bond coat compared to the grit-blasted Ti substrate
can enhance mechanical bonding, it is also true that the higher chemical
affinity of hydroxyapatitewith an oxide ceramic surface can alsomake an
important contribution, asmentioned in [36,60]. The enhancement in ad-
hesion strength is obtained in spite of the fact that the TiO2 bond coat,
whose thermal expansion coefficient is α ≈ 7.5 · 10−6 °C−1 [84], pre-
sumably worsens the thermal expansion mismatch between the Ti sub-
strate (α ≈ 8.6 · 10−6 °C−1 [84]) and the HA coating (α ≈ 13–
17 · 10−6 °C−1 [45,86,87]) as the system cools down after spraying.

Sample #4 deposited onto the TiO2 bond coat is significantly harder
and possesses greater elastic modulus (Table 4). Due to its larger crys-
tallinity, its mechanical properties tend to approach those of bulk
hydroxyapatite (H ≈ 6–7 GPa [88–90], E ≈ 100–120 GPa [89–91]), al-
though they remain somewhat inferior, due to the residual presence of
glassy phases, secondary crystalline phases (TTCP andβ-TCP), and a few
pores and microcracks (Section 3.1).
Its tensile adhesion strength, by contrast, is lower than that of sam-
ples #1, #2, #3, and #5 deposited both onto the bond coat and onto bare
Ti (Fig. 8). This is probably due to the higher deposition temperature
(Table 1), which is expected to induce higher tensile stresses after the
system has cooled down to room temperature. It may also be due to
the re-crystallisation of hydroxyapatite. The crystallisation of a glassy
phase typically involves a decrease in specific volume, which is likely
to contribute further tensile stresses. However, the adhesion strength
of about 25 MPa is still comparable or superior to literature values for
HA coatings deposited by conventional thermal spraying techniques
[92–96] and far exceeds the minimum threshold of 15 MPa stipulated
in the ISO 13779-2 standard.

When deposited onto bare Ti, the adhesion of sample #4 is further
decreased, on account of the previously discussed favourable effect of
the TiO2 bond coat on adhesion. In this sample, instead of performing
a single series of indentations along the centreline of the cross-section,
two different sets of measurements were carried out along the
centreline of each of the two layers identified in Section 3.1 and in
Fig. 3M. Consistently with the respective structural features, the top
layer, with higher crystallinity, possesses hardness and elastic modulus
close to those of the corresponding sample deposited on the TiO2 bond
coat, whereas the glassy bottom layer has similar hardness to the glassy
HA samples #1, #2, #3 and #5 (Table 4). The elastic modulus of the bot-
tom layer could not be reliably evaluated by this nano-indentation tech-
nique, as the data was very widely scattered (see the high standard
deviation in Table 4). This is probably due to the proximity of the sub-
strate, in relation to the indentation size. The maximum penetration
depth during indentation testing in the bottom layer was 0.5 μm and
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Fig. 13.Raman spectra of sample HVSFSHA#5 after soaking in the SBF solution for various
times, compared to that of the as-deposited layer. A: overview; B: detail of the v1 peak.

Fig. 14. X-ray diffraction patterns acquired on the top surface of the HVSFS HA sample #5
deposited onto the TiO2 bond coat, in as-deposited condition and after soaking in the SBF
solution for various times. Legend: □ = tetracalcium phosphate 4CaO·P2O5 (JCPDF 25-
1137); ○ = β-tricalcium phosphate Ca3(PO4)2 (JCPDF 9-169); peaks not labelled =
hydroxyapatite Ca10(PO4)6(OH)2 (JCPDF 9-432).
so the lateral size of the indentation marks was about 3.5 μm. The dis-
tance between the indentation edges and the boundaries of the bottom
layer (of thickness ≈ 13 μm and inferable from SEM micrographs,
Fig. 3I) is therefore around 5 μm. In these conditions, the plastic defor-
mation field produced by the indentation fallsmostlywithin the bottom
coating layer, but the elastic deformation field extends well beyond the
plastically deformed area, affecting a larger volume which comprises
the substrate as well. At least some of the indentations are therefore
likely to cause perceivable elastic deformation in some portion of the
substrate. The elastic response of the sample during unloading of the in-
denter was therefore altered by the contribution of the substrate,
returning unreliable, scatteredmodulus values, while hardness was rel-
atively unaffected as the plastic deformation region remained confined
within theHA layer. These different scale effects for hardness and elastic
modulus during depth-sensing indentation testing have been demon-
strated for example in [97]. Reducing the maximum penetration depth
of the indenter to avoid this effectwouldhave resulted in the indentation
test probing an excessively small volume of material, which would not
have been representative of the overall properties of the HA layer.

It can therefore be concluded that the HVSFS process, through the
possibility of tailoring the structural features of the coatings without
impairing their microstructural integrity, also offers the possibility of
adjusting their mechanical properties (hardness, elastic modulus) ac-
cordingly. Conversely, the retention of crystalline hydroxyapatite in an
APS HA layer, requiring the embedment of unmelted material, impairs
the coating density (Section 3.1), and, consequently, its hardness and
elastic modulus. In fact, the values measured on the reference APS HA
layer (Table 4), which are consistent with most literature reports on
similar coatings [63,92,98–100], are lower than those of all of the
HVSFS samples.

Compared to theHVSFS coatings, the inhomogeneity of theAPS sam-
ple also increases data scattering, which is clearly seen in the Weibull
modulus (mH, Table 4) values. The mH and mE values characterising
the distributions of hardness and elastic modulus data for the present
APS layer, which are consistent with the typical mH values associated
with the mechanical strength of plasma-sprayed HA in literature
[94,101–103], are significantly lower than the values for the HVSFS-
deposited HA coatings (Table 4). The latter Weibull modulus values
are usually mH ≥ 5 for hardness and mH ≈ 8–10 for elastic modulus
(with the exception of the elastic modulus data of the bottom layer of
sample #4 deposited onto bare Ti, which are not significant as explained
previously) and are all similar, as all of the HVSFS samples exhibit com-
parable microstructural homogeneity. They are compatible with the
Weibull modulus of dense HVOF-processed ceramics [104].
3.3. Soaking tests in simulated body fluid (SBF)

The HVSFS-deposited HA coatings with predominantly glassy struc-
ture (samples #1, #2, #3, #5, with and without bond coat) exhibit fast
reactivity during the soaking tests in SBF, whereas those with higher
crystallinity (sample #4 with and without bond coat) appear more sta-
ble, which is consistent with existing literature on the behaviour of hy-
droxyapatite coatings in physiological environments as a function of
their crystallinity [58,60].

Specifically, HA sample #4 deposited onto the TiO2 bond coat ex-
hibits no appreciable transformations after 14 days of soaking in the
SBF solution. No precipitated layer is seen in cross-sectional SEMmicro-
graphs (Fig. 9A), thefine as-deposited splats are still recognisable on the
top surface after up to 14 days of soaking (Fig. 9B), and both its XRD pat-
tern (Fig. 10A) and Raman spectra (Fig. 10B) remain unaltered.

The reason for the stability of this sample resides primarily in the
high content of crystalline hydroxyapatite, in accordancewith literature
[58,60]. The dissolution rate of hydroxyapatite in simulated body fluids
is much lower than that of other crystalline or glassy Ca phosphate
phases [6].
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Fig. 15. SEMmicrographs (secondary electrons) of the cross-section of sample HVSFS HA #4 deposited onto grit-blasted Ti, after 3 days of soaking in the SBF solution (A), and of the top
surface of the same sample after 14 days of soaking (B).
However, in depth studies have revealed that, although crystalline
hydroxyapatite does not dissolve readily in simulated body fluid solu-
tions, it nevertheless tends to develop a precipitate bone-like hydroxy-
apatite layer on its surface [105]. The complex process described in
[105] is triggered by the partial dissociation of hydroxyl (\OH) groups
located on the surface of hydroxyapatite, leaving a negative surface
charge. Ca2+ ions are attracted towards the negatively charged surface,
forming an amorphous Ca-rich phosphate layer with positive surface
charge. PO4

3− groups thenmigrate to this positively charged surface, de-
veloping a negatively charged, Ca-deficient phosphate layer, which con-
tinues to grow and turns into a partly crystalline layer.

Since this process relies on the presence of hydroxyl groups, it be-
comes slowerwhen hydroxyapatite has been de-hydroxylated by expo-
sure to high temperatures. This is probably the case for the present
coating. The thermal analyses discussed in Section 3.1 (Fig. 7A) accord-
ingly showed that the glassy coatings are extensively de-hydroxylised,
because of the high temperatures to which the feedstock particles are
subjected in the HVSFS gas jet. Although the high peak surface temper-
ature reached during the deposition of coating #4 was sufficient to trig-
ger re-crystallisation of hydroxyapatite (Section 3.1), it is unlikely that
complete re-hydroxylation could occur in the very brief time (a fewmil-
liseconds, Section 3.1) of the re-crystallisation process. The lack of hy-
droxyl groups in the coating therefore hinders the rapid development
Fig. 16. Z-potential of a reference crystalline hydroxyapatite powder (full squares) and of
powder scraped from sample #4 deposited without the bond coat (empty circles), plotted
as a function of pH.
of the negative surface charge and delays all precipitation processes.
Times longer than 2 weeks are probably needed in order to observe a
perceivable formation of precipitate layers on the surface of coating
#4 deposited onto the TiO2 bond coat.

The behaviour of the glassy samples is completely different. Within
three days, more than 1/3 of their original thickness is lost by dissolu-
tion into the SBF solution and replaced by a new, precipitated layer
(Fig. 11A), which also consists of Ca, P, and O (Fig. 11B).
Fig. 17. XRD patterns (A) and Raman spectra (B) of HVSFS HA sample #4 deposited onto
grit-blasted Ti, in as-deposited condition and after various soaking times in SBF. Legend of
panel A: □ = tetracalcium phosphate 4CaO · P2O5 (JCPDF 25-1137); ○ = β-tricalcium
phosphate Ca3(PO4)2 (JCPDF9-169); peaksnot labelled = hydroxyapatite Ca10(PO4)6(OH)2
(JCPDF 9-432).
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Fig. 18. In vitro viability Alamar Blue assays on Saos-2 cells: (A) cytotoxicity tests on
fresh medium, aged medium, and HVSFS HA extract after 2 and 7 days; (B) direct
cytocompatibility tests on HVSFS HA and TCPS.

Fig. 19. SEMmicrographs of Saos-2 cells on HVSFS HA coatings: (A) 1 day, (B) 3 days, and
(C) 7 days. Arrows in panel A indicate some of the visible attached cells.
The precipitation starts early during the first day of immersion at
some specific surface sites, where the typical spherulitic [105] or
cauliflower-like surface morphology, usually found on this kind of
layer [58,60,106], is developed (Fig. 12A). Other locations, by contrast,
remain relatively unaffected after 1 day, with the original splats still
quite clearly identifiable (Fig. 12B). In Raman spectra (Fig. 13A, B) the
main v1 peak of the as-deposited layers located at 950 cm−1 (see
Section 3.1), transforms into a doublet with a main peak at 962 cm−1

and a shoulder at 950 cm−1, indicating that the discontinuous precipi-
tate layer consists of crystalline hydroxyapatite.

For increasingly long soaking times, complete coverage of the coating
surface by the precipitatefilmoccurs (Fig. 12C–D), in accordancewith the
cross-sectionalmicrographs (Fig. 11A). Raman spectra (Fig. 13A, B) trans-
form into those of crystalline hydroxyapatite: the v1 peak at 962 cm−1

now clearly prevails over the 950 cm−1 shoulder (Fig. 13B) and the v2,
v3, and v4 multiplets become more clearly defined.

XRD patterns confirm that the precipitate film consists of crystalline
hydroxyapatite. It is observed that, as this layer progressively replaces
the original coating for increasingly long soaking times, the glassy
band and the diffraction peaks of secondary crystalline phases (TTCP
and β-TCP) tend to disappear from the XRD patterns (Fig. 14), replaced
by the diffraction peaks of hydroxyapatite. The significant breadth of
these peaks implies that the crystalline lattice of the precipitated film
contains significant lattice defects (such as partial substitution of carbon-
ate ions in lattice positions), in accordance with literature [98,105–109].

The process of coating dissolution and its progressive replacement
with a precipitate layer of poorly crystalline hydroxyapatite is consistent
with available literature, which shows that glassy Ca phosphates readily
dissolve in body fluids, releasing Ca2+ and PO4

3− ions [58,60,106,107].
Themechanismdiffers from that described for pure crystalline hydroxy-
apatite by Kim et al. [105], sincemore extensive ion exchange occurs be-
tween glassy Ca phosphate and the physiological solution than is found
with pure hydroxyapatite. The quick initial release of Ca2+, reported by
various authors [106,107], probably develops the necessary negative
surface charge required to support the ongoing growth of theprecipitate
bone-like hydroxyapatite layer. Nucleation starts at some specific loca-
tions, as previously observed in [108], which may correspond to defects
(e.g. pores, microcracks) of the original coating, where the exposed sur-
face area is larger and the ion exchange mechanisms are consequently
faster, or to areaswhere higher degrees of hydroxylation of thematerial
was preserved [108].

An intermediate situation occurs with HA sample #4 deposited
without bond coat, the top layer of which has higher crystalline hy-
droxyapatite content than that of samples #1, #2, #3, #5 but lower
than that of sample #4 deposited onto the bond coat (Section 3.1). Its
reactionwith the SBF solution over the 14 day period is therefore slower
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than that of the glassy samples, yet perceivable. A discontinuous precip-
itated layer appears from the third day of soaking (Fig. 15A, B), which
turns into a uniform cauliflower-like layer after 14 days (Fig. 15C), al-
though itsmorphology is not yet as developed as that of themore glassy
samples (such as those shown in Fig. 12C, D).

The Z-potential of this sample,measured as a function of pH in dilut-
ed water-based buffer solutions, is similar to that measured for a pure
hydroxyapatite powder (Fig. 16). The results obtained on the latter are
consistent with the known Z-potential trends of crystalline hydroxyap-
atite: it attains a large negative Z-potential value of about −50 mV at
pH ≈ 6.5 (similar to [110,111]) and approaches the isoelectric point
at pH ≈ 3 (as reported in [112]). This confirms the validity of this pow-
der as a reference sample. The negative Z-potential value of hydroxyap-
atite over a large pH range is generally ascribed to the dissociation of
surface \OH groups, which releases H+ ions into the solution leaving
a negative surface charge (as mentioned in [105]), and to the PO4

3−

groups preferentially located on the surface of hydroxyapatite [110].
The similarity of the Z-potential trend of sample #4 deposited with-

out the bond coat indicates that, in spite of some unavoidable thermal
alteration, the spraying process did not modify substantially the surface
chemistry of the material. The preserved negative surface charge is
probably a key factor in triggering the precipitation of the hydroxyapa-
tite layer seen in Fig. 15, according to the mechanisms outlined previ-
ously. The growth rate of this layer is indeed not matched by an
equally fast dissolution of the coating itself, unlike the glassy samples
(compare Fig. 15A to Fig. 12A). While some ion release is certainly oc-
curring (unlike sample #4 deposited onto the bond coat), the observed
negative surface must therefore be playing a pivotal role in favouring
early nucleation and growth of the layer in this case.

The XRD pattern of this sample does not change over the testing pe-
riod (Fig. 17A), since the thickness of this precipitated layer is too low to
provide an appreciable contribution to the diffraction signal, while in-
stead the Raman spectrum (Fig. 17B) exhibits a slight evolution. After
1 day of soaking, the main v1 vibration peak located at 962 cm−1 be-
comes somewhat sharper, which reflects partial dissolution of the
glassy phase, the preliminary stage paving the way for the subsequent
precipitation of the hydroxyapatite film as described above. After 3
and 7 days, most Raman spectra (such as the ones seen in Fig. 12D)
do not change, as the precipitated layer is still discontinuous. The
amount of Ca2+ and PO4

3− ions released into the solution by the glassy
phase is lower than in samples #1, #2, #3, and #5. After 14 days of
soaking the layer becomes continuous, and so the Raman spectrum,
reflecting themicrocrystalline nature of this new layer, exhibits a slight-
ly broader v1 peak, although its position does not shift, since no other
phase apart from crystallinehydroxyapatite is containedwithin thepre-
cipitated layer.

It should benoted that, due to the crystallinity gradient of HA sample
#4 sprayed onto bare Ti, faster dissolution of the underlying layer may
be possible, if it comes into contact with the SBF solution. Although
this was not seen in the present experiments (Fig. 15B), penetration of
the SBF solution down to this layer may occur through the transverse
microcracks existing in the HA coatings andmay eventually lead to per-
ceivable dissolution of the bottom layer for longer exposure times. This
may undermine the adhesion of themore crystallised top layer with the
substrate: in this respect, the structural gradient should probably be
regarded as a potentially dangerous and undesirable feature.

3.4. In vitro indirect cytotoxicity and cell interaction

Cytotoxicity tests were performed on culture medium extracts in
contact with HAHVSFS specimens for 2 and 7 days. Fluorescence values
of Alamar Blue tests of Saos-2 cells cultured 24 h in culture medium ex-
tracts are summarized in Fig. 18A. Results are compared to fresh, 2-, and
7-day aged media. No significant differences (P N 0.05) were noticed
between extracts, aged media (blanks), and fresh medium, indicating
non-toxicity of the ions released by the HVSFS HA specimens.
Direct cell interaction tests were performed by direct culture of
adhered Saos-2 cells. The morphology of cells in direct contact with
HA HVSFS surfaces are shown in Fig. 19. After 24 h of incubation
(Fig. 19A), cells had spread homogenously all over the HA surface (see
arrows), extending their filopodia towards the surface asperities. By in-
creasing the incubation time (Fig. 19B, C), cells spread all over the sur-
face. SEM observations were confirmed by Alamar Blue assay, as
summarized in Fig. 18B. An increase in fluorescence values was ob-
served by increasing the culture time. Cells grew slowly in the first
three days on both HA specimens and TCPS, while they grew faster
from 72 h to seven days reaching over-confluence on TCPS after
7 days. At each time point, no significant difference was observed be-
tween cells cultured on HA samples and on TCPS (Fig. 18B), indicating
no cytotoxic effects of HVSFS HA specimens on Saos-2 cells.

4. Conclusions

Hydroxyapatite (HA) coatings were deposited by HVSFS onto Ti
grade 2 plates, either bare (grit-blasted) or preliminarily coated with a
plasma-sprayed TiO2 layer (bond coat), starting from a suspension of
nanopowder feedstock.

The experimental characterisation activity led to the following
conclusions.

• Dense, 27–37 μm thick HA layers were obtained, consisting of
sintered splats originating from the impact and flattening of molten
agglomerates of 0.5–1.5 μm in size. Hardness and elastic modulus of
the HVSFS HA layers are higher than those of plasma-sprayed layers,
and the scatter in mechanical properties is also lower (higher reliabil-
ity). The adhesion strength of HVSFS HA coatings far exceeds themin-
imum requirements of ISO 13779-2.

• Direct crystallisation of hydroxyapatite is hindered in impact-
quenched molten agglomerates. Re-crystallisation of hydroxyapa-
tite from the resulting undercooled melt is possible if the average
surface temperature of the system during HVSFS deposition is above
the re-crystallisation threshold (≈450 °C), otherwise the undercooled
melt turns into a glassy phase. The average surface temperature is con-
trolled by process parameters and by the use of a thermally insulating
TiO2 bond coat limiting heat extraction to the metal substrate.

• The crystallinity of HVSFS-deposited HA coatings can therefore be ad-
justed from b10% up to 70%without compromising the density and ho-
mogeneity of the coating, unlike conventional plasma-spraying.

• During immersion in the SBF solution, HA layers with low crystallinity
are progressively dissolved and replaced by a new, precipitated hy-
droxyapatite layer, whereas highly crystalline layers are stable for up
to 14 days of soaking.
The negative surface charge of the hydroxyapatite material also has a
role in favouring the nucleation and growth of the precipitated hy-
droxyapatite layer.

• SAOS-2 osteoblast-like cells adheredwell and proliferated onHVSFSHA
coatings with 47% crystalline hydroxyapatite on the outer surface. Cell
viability was comparable to that on TCPS.

Further developments in this research will include a more detailed
analysis of enzymatic parameters related to the responses of osteoblast-
like cells cultured on these coatings, as well as experimental and numer-
ical studies on protein adsorption. The latter phenomenon, which takes
place during the earliest stages of implant contactwith the body environ-
ment, is important in determining the preferential growth of bone tissues
or of fibrous tissues onto the coated surfaces.
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