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Abstract

Thin calcium phosphate coatings with a thickness of 0.09 to 2.7 µm were prepared by radio-frequency magnetron sputtering deposition on NiTi
and Ti substrates at a substrate temperature of 500 °C in argon atmosphere. Scanning electron microscopy (SEM) showed that the surface structure
is uniform and dense without visible defects (pores and microcracks). Rutherford backscattering spectroscopy (RBS) and energy-dispersive X-ray
spectroscopy (EDX) confirmed that the coating contains calcium, phosphorus, and oxygen with a uniform composition. Crystallographically, the
coating consists of crystalline hydroxyapatite which is also supported by infrared spectroscopy. The mechanical characteristics of the coating were
measured by nanoindentation (Vickers indenter), giving a nanohardness of 10 GPa and a Young's modulus of 110 GPa. The strength of adhesion
of the calcium phosphate coating to the metallic substrates depended on the coating's thickness and decreased for a thickness larger than 1.6 µm.
No difference was observed between NiTi and Ti substrates.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Hydroxyapatite, Ca10(PO4)6(OH)2, is an important geologi-
cal calcium phosphate mineral and also constitutes the inorganic
component (biomineral) of human hard tissue, i.e. of teeth and
bone [1,2]. Due to its excellent biocompatibility, it is well
established as coating for metallic implants in medicine, e.g. for
hip endoprostheses and for tooth implants.

Many methods are known to produce such biocompatible
coatings on metals for biomedical applications: High-temperature
plasma-spraying [3–12], dip-coating/crystallization techniques
[13–16], electrophoretic deposition [17–20], laser deposition
[21], andmicro-arc techniques. However, eachmethod has its own
limitations, often caused by low adhesion strength to the substrate
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and also by difficulties to control the phase composition of the
coating during the deposition.

Radio-frequency magnetron sputtering (rf-magnetron sputter-
ing) to deposit calcium phosphate coatings on metals was
introduced at the end of the 20th century [22–31]. It was reported
that bone marrow cells reproduced faster on such a calcium
phosphate coating than on an uncovered implant surface [22,23].
The response of different bone-specific cell lines to such sputter-
coated surfaces was also favorable, e.g. for osteoblast-like cells
[32], osteoblast precursor cells [33] and rat bone marrow cells
[34]. These investigations also showed that the calcium phosphate
coating had a high adhesion strength to the metallic substrate. The
chemical composition of the coatingwas very similar to that of the
initial target used for sputtering, including a multicomponent
target. Consequently, there are many possibilities to control the
composition of the coating by changing the sputter target material
and by variation of the sputtering conditions (e.g. the discharge
power, the working gas, and the substrate temperature).
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Besides its ability to induce bone-bonding to an implant
[35,36], an important function of a biocompatible coating is the
protection of the human organism against harmful metal ions
which may be released from the metallic substrate. Therefore,
such a coating should be dense and pore-free with a high strength
of adhesion to the metallic substrate. These concerns are of
special importance when an implant alloy contains heavy metals
like nickel or chromium [37,38]. Ideally, these elements must not
be released into the surrounding tissue but be restrained by the
coating. rf-magnetron sputtering is a very promising technique
in this respect because it allows to prepare thin, dense and pore-
free coatings. The state of the art has recently been reviewed by
Yang et al. [39] and Xu et al. [28]. Notably, if both titanium and
calcium phosphate targets are used, even graded coatings can be
accomplished [40]. The frequently applied orthopaedic titanium
alloy Ti6Al4V was coated with hydroxyapatite by Long et al.
[41] and Xu et al. [28].

Here we present a thorough investigation on the micro-
structure, the chemical and crystallographic composition and
the micromechanical properties of calcium phosphate coatings
deposited by rf-magnetron sputtering on nickel–titanium (NiTi)
[42] and titanium (Ti) as typical implant materials.

2. Materials and methods

Plates (10·10·0.5 mm3) of NiTi (superelastic, “medical
grade" from Memory Metalle GmbH, Germany, with
AP=21.5 °C [preceded by an endothermal peak at 0.2 °C] and
Mp=16.4 °C) and Ti (technically pure, 99.58 wt.% Ti, 0.1 wt.%
O, 0.15 wt.% Fe, 0.05 wt.% C, 0.04 wt.% N, 0.08 wt.% Si; from
Goodfellow) were used as substrates. Before sputtering, all
samples were mechanically polished to the roughness class 10
(Rаb0.1 µm).

An installation type Cathode 1М where the rf-magnetron
sputtering device was situated in a vacuum chamber was used to
prepare the calcium phosphate coating. The following para-
meters were applied in the sputtering process: Operation
frequency of the rf-generator 13.56 МHz, working gas argon
(0.5 Pa), incident power of the rf-generator 2 kW, reflected
power 200 W, and distance between substrate and magnetron
target 50 mm. The sputtering chamber was evacuated to less
than 5·10−5 Pa and then argon was introduced as a sputter gas.
By variation of the sputtering time from 10 to 320 min, the
coating thickness was increased from 0.09 to 2.7 µm,
respectively. In exploratory experiments, these parameters
were found to be optimal for deposition of the calcium
phosphate coating. We used a target of microcrystalline
synthetic hydroxyapatite prepared from a powder with a particle
size of 80 nm by pressing at 70 MPa and subsequent sintering at
1000 °C in air for 1 h. The metallic substrate was heated to
500 °C by the rf-plasma in all experiments, and its temperature
was controlled with a Pt/PtRh thermocouple. This set of
parameters with a high value of the rf-power was fixed in the
experiments because we aimed at a hydroxyapatite coating with
high crystallinity [43].

For scanning electron microscopy, we used a scanning
electron microscope type ESEM Quanta 400 FEG from FEI,
equipped with energy-dispersive X-ray analysis (EDX; EDS
analysis system Genesis 4000, S-UTW-Si(Li) detector), operat-
ing in high vacuum. A sputtering of the samples with gold was
not necessary due to the small thickness of the coating that
resulted in a sufficient electrical conductivity to avoid electro-
static charging.

The coating thickness was determined with a mechanical
profilometer Talysurf 5 (Tyler-Hobson, England). The coating
thickness was determined by shielding a part of the sample from
the sputtering target, thereby preventing the coating formation
on this part of the sample. The thickness of the coating was
determined by measuring the profile of the resulting edge and
determination of the step height. The profilometer vertical
resolution was 10 nm and the horizontal resolution was 2 µm
(determined by the radius of scanning needle).

For Rutherford backscattering spectrometry (RBS) of α-
particles, all samples were arranged on a calibrated ruler in the
vacuum chamber with the parameters E(4He)=1.7 MeV, scatter-
ing angle 175°, and spectrometer energy resolution 11 keV. The
diameter of the analyzing 4He beamwas approximately 2mm, i.e.
it covered a representative area of the sample. The elemental
concentration profiles in the coatingwere computed from theRBS
data with a custom-made program. In order to improve the
experimental accuracy, we used the yield of scattering ions from
each substrate as internal standard. X-ray powder diffraction
(XRD) was carried out with a Siemens D500 diffractometer
operatingwithCuKα radiation (λ=1.5406Å) at 40 kVand 20mA
in Bragg–Brentano mode. As references we used the fol-
lowing entries from the ICDD database: Synthetic hydroxyapatite
(#9-0432) and titanium (#44-1294). For infrared spectroscopy
we used a Bruker Vertex 70 FTIR instrument in the range of 400–
4000 cm−1 (resolution 4 cm−1; averaging of 20 scans).

The mechanical parameters of the coating were determined
by dynamic nanoindentation with a Vickers Nano Hardness
tester (CSEM Instruments). The immersion speed of the Vickers
diamond pyramid with an angle between opposite faces of 136°
was 5 mNmin−1 and the time of a loading–unloading cycle was
2 min. Eight indentations were made on the coating surface of
each sample and then an average value was calculated for each
sample. The adhesion parameters were determined with a Micro
Scratch Tester (CSEM Instruments) equipped with a Rockwell
indenter with a tip radius of 20 µm. The adhesion strength was
measured in three ways: 1) acoustic emission data, 2) control of
the friction coefficient, and 3) visual inspection of the damaged
area after the experiment with an optical microscope. The
scratching parameters were chosen as follows: Indenter lateral
motion speed 7 mm min−1, loading rate 2 N min−1, maximum
applied load 2 N.

3. Results and discussion

Calcium phosphate coatings were deposited on titanium and
on superelastic nickel–titanium. Unless explicitly stated, all
following results were identical for both substrates. The
thickness of the coating was determined by mechanical
profilometry. A coating growth rate of 0.5 µm h−1 was derived
from these measurements. This compares well to Ref. [44]



Fig. 1. Scanning electron micrograph of calcium phosphate coatings. Left: Frontal view of a coating on a NiTi substrate. Right: Cross sectional view of a 100 nm thick
coating (center) on a titanium substrate (right), deposited at 30 W for 2 h. The coating is dense and pore-free in both viewing directions.
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where the rate of the calcium phosphate coating growth
depended on the rf-power and was approximately 0.3–1.5 µm
h−1 at 200–400 W in an argon atmosphere, and also to Ref. [45]
where growth rates of 0.29–1.75 µm h−1 were found at rf-
powers of 200–800 W.

Scanning electron microscopy showed that the calcium
phosphate coating was dense and practically free of pores
(Fig. 1).

The elemental distribution over the coating was determined
by Rutherford backscattering spectrometry (RBS). Fig. 2 shows
a typical partial spectrum of α-particles backscattered from a
calcium phosphate coating on titanium, showing only calcium,
phosphorus and oxygen. Note that hydrogen cannot be detected
by this method due to its low atomic weight. In Fig. 3, the
computed elemental concentration profile is shown as a
function of the coating thickness. The average content of the
elements in the coating was 49±1 аt.% oxygen, 34±2 аt.%
calcium, and 17±2 аt.% phosphorus. These values were almost
constant within the coating and did not depend on the metallic
substrate (Ti or NiTi).

A molar Ca:P ratio of about 1.8:1 was derived from the
values shown in Fig. 3. The Ca:P ratio was also determined by
Fig. 2. A RBS partial spectrum of a calcium phosphate coating on titanium with
a thickness of 1.1 µm. The coating consists of calcium, phosphorus and oxygen.
EDX analysis to 1.77:1, i.e. close to the value obtained using
RBS technique. The stoichiometric Ca:P ratio in pure hydro-
xyapatite is 1.67:1 [2,46]. The deviation from the stoichiometric
ratio in hydroxyapatite can be explained by the rf-magnetron
sputtering mechanism in accordance with Refs. [43,47]. The
higher Ca:P-ratio may be due to 1) calcium implantation into the
growing coating, 2) phosphorus escaping from the chamber as
P2O5 before the deposition, or 3) preferable re-sputtering of
phosphorus on the way through the plasma sheath to the
substrate or re-sputtering phosphorus away from the growing
coating by heavier impinging particles [43]. In other studies,
where the authors used a semi-qualitative EDX analysis to
determine the Ca:P ratio in magnetron sputter-deposited
coatings, they found values of 1.7 to 2 [43,48,49]. According
to Han et al. [50], the ratio of atoms incorporated from a multi-
component target is strongly influenced by the argon pressure
during sputtering. At higher pressure, the ions with lower
atomic mass are scattered to a larger extent by the argon ions
than ions with higher atomic mass [51].

In Fig. 4, an X-ray diffraction pattern of an as-deposited
coating with a thickness of 1.5 µm is shown. Besides peaks
from the titanium substrate, only slightly broadened
Fig. 3. The elemental composition of the calcium phosphate coating (thickness:
1.1 µm) on a titanium substrate as a function of depth computed from Rutherford
backscattering spectrometry data.



Fig. 4. An X-ray powder diffractogram of a calcium phosphate coating on
titanium (thickness: 1.5 µm). Besides the substrate (Ti), only hydroxyapatite
(HA) was found. The theoretical peak positions of hydroxyapatite are indicated
at the bottom of the spectrum.

Fig. 5. Infrared spectrumof a calciumphosphate coating on silicon.All bands could
be assigned to the PO4

3− group (ν3, 1032 cm
−1; ν4, 607 cm

−1; ν4, 564 cm
−1). The

weak band around 1500 cm−1 indicates minor amounts of incorporated carbonate
from the atmosphere. The weak band at 750 cm−1 belongs to silicon.
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hydroxyapatite peaks, indicating a good crystallinity, were
found. We note that the high intensity of the (002) peak at
25.78°2Θ indicates a preferred orientation of hydroxyapatite
in this direction. No other high-temperature phases like β-
tricalcium phosphate (β-TCP; Ca3(PO4)2), tetracalcium phos-
phate (TTCP; Ca4(PO4)2O) or calcium oxide (CaO) which can
occur in the plasma-spray process [10,12] were found. Note that
amorphous calcium oxide [52] may be formed by such
sputtering processes as reported in Ref. [31]. This may explain
the fact that the observed Ca:P ratios are higher than that of
stoichiometric hydroxyapatite.

Other authors also reported a coating growth with a (001)
preferential orientation for hydroxyapatite coatings obtained by
magnetron sputtering [26,28,45,47,48,53,54]. One of the main
factors that influences the nature of a growing coating is the
substrate temperature during deposition. Nelea et al. found that
a substrate temperature of 550 °C gave a crystalline calcium
phosphate [43]. Ozeki et al. suggested that the preferential
growth of hydroxyapatite in the (001) direction is due to the fact
that the c-axis (0.6884 nm) in hydroxyapatite is shorter than the
a-axis (0.9418 nm) [54]. Onuma et al. ascribed the preferential
HA growth in the (001) direction with a cluster growth model,
where Ca9(PO4)6 clusters are situated along the c-axis [53].

Infrared spectroscopy of the coating was possible by
sputtering it on elemental silicon which is almost transparent
for infrared radiation. Thereby, the coating could be observed
without the need to detach it from the substrate. The IR spectra
of the as-deposited coatings were corrected by subtraction of the
IR spectrum obtained for an uncoated silicon substrate. The IR
spectrum of the coating showed bands assigned to phosphate
and in general strongly resembles the IR spectrum of
hydroxyapatite (Fig. 5) [55]. The absence of the O–H band
(expected around 3500 cm−1) may be due to the deposition
process. As reported by Yang et al. [56], the thermal
dehydroxylation of hydroxyapatite occurs at about 800 °C,
and hydroxyapatite converts to oxyhydroxapatite, with the
formula Ca10(PO4)6(OH)2− 2xOxVx, where V is a vacancy and
xb1 [57,58]. This may well occur under the conditions of the
sputtering process. It was also reported that the hydroxyapatite
structure can be restored by annealing of the as-deposited
coating in different atmospheres, e.g. in air or water vapor [33].

All coatings for a potential medical application require a
sufficient mechanical strength, i.e. adhesion strength and
cohesive resistance. In particular, the mechanical properties
are very important with respect to the long-term stability of an
implant.

Therefore, we determined Young's modulus (E), nanohard-
ness (H) and contact stiffness (S) of as-deposited coatings using
nanoindentation, i.e. the penetration of a diamond indenter into
the coating with continuously increasing load was measured.

The nanohardness H was determined by Eq. (1):

H ¼ Pmax

Ac
ð1Þ

with Pmax the maximum indentation force and Ac the indented
area after unloading. The contact stiffness S of each coating was
determined from the unloading curve according to Eq. (2):

S ¼ dP
dh

ð2Þ

where dP is the load alteration and dh is the corresponding
depth alteration.

The Young's modulus E was determined in the same way
like S, i.e. on the unloading curve according to Eq. (3) [59]

E ¼
ffiffiffi
p
2

r
Sffiffiffiffiffi
Ac

p ð3Þ

where S is the contact stiffness of the investigated material.
Nanohardness Н and Young's modulus E as a function of the

coating thickness are shown in Fig. 6. The obtained data



Table 1
Nanohardness H, Young's modulus E and contact stiffness S of calcium
phosphate coatings on titanium prepared by rf-magnet ron sputtering

Coating
thickness /
µm

Penetration
depth / µm

Ratio of
penetration
depth to
coating
thickness

H / GPа E / GPа S / mN nm−1

0.09 0.055±0.015 0.610 11±4 100±20 0.0342±0.0004
0.27 0.165±0.010 0.609 5±1 100±10 0.121±0.004
0.45 0.202±0.010 0.450 7±2 100±20 0.098±0.002
0.72 0.150±0.010 0.210 11.8±2.0 130±20 0.099±0.003
1.08 0.152±0.020 0.140 13.0±1.2 140±10 0.096±0.005
1.60 0.130±0.030 0.080 9.2±0.5 111±1 0.094±0.002
2.70 0.162±0.010 0.060 9±2 120±20 0.103±0.005
Non-coated
titanium
substrate

0.236±0.020 – 4.0±0.3 110±10 0.140±0.010

Non-coated
NiTi
substrate

0.170±0.005 – 12.0±0.7 90±4 0.065±0.001

The results are given as average±standard deviation.

Fig. 7. Load–displacement curves from nanoindentation obtained for a calcium
phosphate coating of 1.6 µm thickness on titanium (curves 1, 2, and 3) and a
non-coated titanium substrate (curve 4).

Fig. 6. Nanohardness (H) and Young's modulus (E) of calcium phosphate
coatings on titanium as a function of the coating thickness. The values given for
a coating thickness of zero correspond to pure titanium.
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indicate that the titanium substrate influences the nanohardness
of the calcium phosphate coating only if its thickness is smaller
than 700 nm. The nanohardness of a titanium substrate is about
4 GPa [60] and its Young's modulus is 110 GPa [61], in good
agreement with our values (Table 1). The nanohardness of Ti is
considerably smaller than that of the thin calcium phosphate
coating whereas Young's modulus is comparable (nanohardness
about 10 GPa and Young's modulus about 110 GPa). The
computed values of H, E, and S are summarized in Table 1. For
a NiTi substrate, very similar results were obtained with the
exception that NiTi had a higher nanohardness (12.0±0.7 GPa)
than titanium but a comparable Young's modulus (90±4 GPa).
This value depends on the phase composition of the NiTi but is
in good accordance with the literature (70 GPa) [62,63]. We
ascribe the scatter in the experimental results to the sensitivity of
the nanohardness technique, i.e. the results obtained depend on
the substrate surface roughness, the indenter state and other
parameters. Although all substrates were carefully polished
before sputtering, we assume that there are variations in the
substrate surface morphology which caused the observed
scatter.

Our results (Fig. 6) indicate that the effect of substrate
material vanishes when the coating thickness becomes larger
than about 700 nm. This is in accordance with Refs. [28,41,45]
where calcium phosphate was deposited on Ti6Al4V. In Ref.
[28], the coatings were deposited at the substrate temperature of
550 °C which is close to that used in our study. The coating
failure analysis revealed that the calcium phosphate coating had
an excellent adhesive strength to the Ti6Al4V substrate. To
investigate the coating failure, a load in the range from 0.3 to
15 N at 3 N min−1 over a length of 10 mm was applied [28].
Although we applied other parameters to investigate the coating
performance (a loading rate of 2 N min−1 and a scratch distance
of 7 mm), we could confirm the excellent adhesion of the
sputter-deposited calcium phosphate coating if its thickness
does not exceed 1.6 µm (see below).

Load–displacement curves obtained for the titanium substrate
and for the calcium phosphate coating on titanium are shown in
Fig. 7. The load–displacement curves showed that the deforma-
tion behavior of the coating aswell as that of the titanium substrate
was plastic with some elastic components, i.e. when the load was
removed, a part of the deformation relaxed. Nanohardness and
contact stiffness of the calcium phosphate coatings were larger
than those of the titanium substrate (Table 1). The substrate
influenced H, E and S only if the coating thickness was smaller
than 0.7 µm.We conclude that the nanohardness and the Young's
modulus of the pure calcium phosphate coating itself are about
10 GPa and 110 GPa, respectively. We also found that the value
of the nanohardness decreased when the indenter penetration
depth increased, a phenomenon known as Indentation Size Effect
[64,65].

There are only a few reports on the application of nanohard-
ness measurements to rf-magnetron-deposited calcium phosphate
coatings. Furthermore, it is very difficult to compare these results,
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because the coating procedures were different and, on the other
hand, the authors used different techniques and experimental
equipment to determine the mechanical properties. For instance,
Nelea et al. [26] reported a nanohardness of 3.4–4 GPa and a
Young's modulus of 122–150 GPa. Although they used another
substrate, i.e. TiAlFe, and a Berkovich indenter tip, their values
are in good agreement with our values. Nelea et al. compared the
mechanical properties of magnetron sputter-deposited and laser-
deposited coatings. Themagnetron-deposited coatings had higher
values of nanohardness and Young's modulus than laser-
deposited coatings [43].

The adhesion strength between the calcium phosphate
coating and the substrate was determined by the scratch test
method. This also allowed us to estimate the cohesive resistance.
Calcium phosphate coatings deposited on Ti and NiTi substrates
were studied.

The coating did not show signs of disruption in the vicinity of
the scratch, and the coating did not exfoliate even at a maximal
load of 2 N (Fig. 8). When the indenter penetrated into the
substrate, no signs of bursting of the coating along a scratching
Fig. 8. Light-microscopic images of scratch tests on a calcium phosphate coating
(thickness 1.6 µm) on titanium. The images a) and b) were taken at 0.87 N and 2N,
respectively. The coating was not damaged during the scratch test experiment but
merely impressed into the substrate. There are tracks of a deformative wave ahead
of the scratching direction. Equivalent results were obtained for calcium phosphate
on NiTi.

Fig. 9. Light-microscopic images of scratch tests on a calcium phosphate coating
(thickness 2.7 µm) on titanium. The images a) and b) were taken at loads of 0.42
and 0.66 N, respectively. The coating was clearly damaged during the scratch
test experiment. There are clear signs of exfoliation and bursting of the calcium
phosphate coating.
directionwere found.A similar behaviorwas observedwhen other
samples (with the same or a smaller thickness) were investigated;
these coatings were only impressed into the coating–metal
Fig. 10. A pattern of a dynamic scratch test on the surface of a calcium phosphate
coating on a titanium substrate (thickness 2.7 µm).
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interface and no signs of coating failure were seen at the edges of
the scratch. We conclude that all coatings with a thickness of less
than 1.6 µm possess both a sufficient adhesion strength and
cohesive resistance.

The high values of adhesion strength can be explained by the
fact that during calcium phosphate coating growth, the ions
ejected from the target form a chemisorbed state with the surface
atoms of the substrate. For Ti and NiTi substrates, the surfaces
are always covered with a very thin oxide layer. This leads to a
strong interaction (with a binding energy above 0.5 eV) between
substrate and coating [66].

The mode of damaging of a calcium phosphate coating with a
thickness greater than 1.6 µm differed from that of the thinner
calcium phosphate coatings. The destruction of the coatings
with a thickness of less than 1.6 µm occurred only after its
perforation, whereas thicker coatings collapsed by exfoliation,
splits and chips along the scratching direction (Fig. 9). With a
thickness of 2.7 µm, cracking and detachment of the coating
surface layers started at a loading force of 0.42 N. When the
force reached 0.66 N, the coating burst, and at a force of 1 N,
the calcium phosphate coating was completely damaged. The
acoustic emission signal at a force of 0.42 N also indicated the
detachment of the coating from the substrate (Fig. 10). This was
observed for all forces up to 2 N.

Finally, we observed that upon bending the superelastic
NiTi, the coating was not detached, i.e. it is well suited for this
superelastic material. Chen et al. showed by investigation of the
tensile adhesion strength that the adhesion strength of a graded
Ti/hydroxyapatite coating was much better than that of
monolithic hydroxyapatite [40]. Here we found using a
qualitative scratch-test technique that the adhesion strength of
a monolithic hydroxyapatite coating depends on the coating
thickness. Although we cannot determine the absolute value of
the strength of adhesion of the hydroxyapatite coating, we
conclude that the adhesion strength of the coatings with a
thickness up to 1.6 µm is larger than 40 MPa because no signs
of a failure of the hydroxyapatite-coating were found even at a
loading force of 2 N [40]. If the coating thickness is larger than
1.6 µm, the adhesion strength dramatically decreases, and the
mode of coating failure also changes. If the coating becomes too
thick, its internal cohesive strength is not sufficient to retain its
integrity upon strong mechanical loading.

4. Conclusions

By rf-magnetron sputtering, it is possible to prepare thin,
uniform and crystalline coatings of hydroxyapatite on titanium
as a classical implant material and on nickel–titanium which
also finds applications as superelastic or shape-memory implant
material. The mechanical parameters of the coatings are best if
they are thinner than 1.6 µm. On the other hand, the effect of the
substrate is only important if the film is thinner than about 1 µm.
We finally conclude that rf-magnetron sputtering is well suited
to coat implant metals and alloys with a thin layer of bioactive
calcium phosphate. Further investigations are needed to under-
stand the biological performance of rf-magnetron-deposited
coatings, including its ability to prevent the leaching of metal
ions from the substrate and also its corrosion resistance in body
fluids.
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