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ABSTRACT

Bioactive calcium phosphate coatings were deposited by radio-frequency magnetron sputtering from
biphasic targets of hydroxyapatite and tricalcium phosphate, sintered at different mass % ratios. Ac-
cording to Raman scattering and X-ray diffraction data, the deposited hydroxyapatite coatings have a
disordered structure. High-temperature treatment of the coatings in air leads to a transformation of the
quasi-amorphous structure into a crystalline one. A correlation has been observed between the increase
in the Ca content in the coatings and a subsequent decrease in Ca in the biphasic targets after a series of
deposition processes. It was proposed that the addition of tricalcium phosphate to the targets would led
to a finer coating's surface topography with the average size of 78 nm for the structural elements.

© 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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1. Introduction

In the field of the regenerative medicine, the bioactivity of the
implants is strongly associated with an interlayer between the bone
and the implant. One of the widely used materials for implants is
titanium (Ti) which has a naturally occurring titanium oxide (TiO5)
coating on its surface. This TiO; interlayer makes Ti biocompatible.
However, in order to improve implant stability and provide
osseointegration, calcium phosphate (CaP) bioactive coatings are
used. According to the accepted classification of bioactive materials
with respect to the criteria for the apatite formation mechanism,
the first bioactive materials group includes Hydroxyapatite (HA)
and B-Tricalcium phosphate (TCP) [1]. CaP has gained much
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attention as a possible material to be used in regenerative medicine
due to its ability to form and support bone growth on its surface.
This property is called osseoconductivity. In addition, bioactivity
and biodegradation are important features of CaP. The difference of
various CaP biodegradation rate is mainly related to the chemical
composition of the material and the level of osseoconductivity. The
HA, TCP and biphasic ceramics (BPC) have different levels of the
osseoconductivity in vivo, which is inversely proportional to the
rate of bio-resorption [2,3]. The lowest bio-resorption rate of the
HA can be used to produce long-term stability coatings in com-
parison with other CaPs. Moreover, compared to TCP, the HA is
more closely related to the mineral component of the bone marrow.
On the other hand, the bioactivity of the TCP is much higher than
that of HA due to its rapid dissolution and bio-integration [4].
Due to the poor mechanical properties, defects arise during the
use of implants composed solely of CaP. As a result, the CaP ma-
terials are mostly used as coatings on metallic implants. Such
composites possess good mechanical properties due to the metallic
base and increased level of osseointegration due to the CaP coating.
This plays an important role in the development of new composite
types as implant performance is largely affected by the properties
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of the coating material of the implant.

Several reports have been published on the formation and
properties of thin radio-frequency (RF) magnetron sputtered
coatings of different CaP compositions. HA [5—7] and TCP [8—10]
coatings are the most widely studied CaP deposited materials for
biomedical applications. Less frequent studies involve tetracalcium
phosphate [8,10], calcium pyrophosphate [11,12] and calcium
metaphosphate [10]. The interest in thin RF magnetron deposited
calcium phosphates is connected to the high adhesion of the
coatings to the substrate. It is possible to control the elemental
composition of coatings by sintering the sputtering targets from
homogeneous mixtures of phosphates. The RF magnetron sput-
tering provides high purity coatings, whose elemental composition
is close to that of the sputtering target [13]. It is important to notice
that there is a limited number of studies related to deposition of
thin bioactive coatings by RF magnetron sputtering of biphasic
targets [6,14].

One of the main advantages of biphasic calcium phosphates is
their biodegradation rate that can be modified by changing the
proportional ratio of the composition phases [15]. Moreover,
biphasic calcium phosphate ceramics, namely the hydroxyapatite/
B-tricalcium phosphate of the 60% HA/40% TCP composition (in
weight %), has been shown to induce bone formation in large, long
bone defects [16]. Thus, it is important to work towards deeper
understanding and possible applications of biphasic calcium
phosphate coatings.

This work aims to propose the possibility of manipulating the
structure and the elemental composition of coatings by variation of
composition of biphasic targets.

2. Materials and methods

Commercially pure titanium samples (99.58 Ti, 0.12 O, 0.18 Fe,
0.07 C,0.04 N, 0.01 H wt. %) of the 10 x 10 x 1 mm?° size were used
as substrates. The samples were polished in series using sili-
con—carbide paper of 120, 480, 600, 1200 grit. Prior to deposition,
the samples were cleaned in an ultrasound bath of distilled water
for 10 min.

The targets for magnetron sputtering were fabricated and sin-
tered from powders of HA, TCP and their homogeneous mixture. In
the case of biphasic targets, the concentrations of HA and TCP were
as follows: 75%HA/25%TCP, 50%HA/50%TCP, 25%HA[75%TCP (all in
mass %). Hence, five targets were prepared including the targets of
pure HA and TCP further denoted as 100HA, 75HA/25TCP, 50HA/
50TCP, 25HA/75TCP and 100TCP. The HA powder used for target
sintering was manufactured by mechanochemical activation [17].
The TCP powder was purchased from the Budenheim chemical
factory (Budenheim, Germany). Press-powder was made from a
mixture of initial powder and polyvinyl alcohol.

The targets were manufactured by uniaxial pressing at room
temperature by the MIS-6000.4K hydraulic press (Armavir, Russia)
in the form of 3—6 mm thick discs of 120 mm diameter. The
pressure was changed stepwise 3—4 times. The sintering of the
targets was done in the ITM 12.1200 chamber furnace (Tomsk,
Russia). A specific sintering mode was applied in accordance with
the results of simultaneous thermal analysis of the HA and TCP
powders on the STA 409 PCLuxx (NETZSCH-Geratebau GmbH,
Germany), which combined differential thermal analysis and
thermogravimetry. These results indicated that the sintering tem-
perature needed to be raised to 1000 °C. As a result, the heating and
cooling to sinter each target took up to a day and a half.

Deposition of CaP on a Ti substrate was performed by RF
magnetron sputtering. A vacuum installation, with a planar
magnetron, was utilized and operated at 13.56 MHz along with a
closed electron drift ion source (TPU, Tomsk, Russia). Prior to

deposition, the surface of each substrate was activated and cleaned
by Ar ions for 15 min. This ion cleaning was carried out at an energy
level of 1.5—3.0 keV, a current of 10—30 mA and a chamber pressure
of 1 Pa. The coatings were prepared by magnetron sputtering at RF-
power level of 250 W in an Ar atmosphere. The deposition time was
3 h, and the target-to-substrate distance was 80 mm. During the
coating deposition, the working pressure in the vacuum chamber
was 0.7 Pa. Each set of samples was deposited in a single run. The
average thickness of the coatings, as measured by a Calotest (CSEM
Instruments), was 200 + 15 nm. Investigation of the phase
composition was done by a D8 Advance Bruker (Germany) X-ray
diffractometer. The XRD experiments were carried out using the
Bragg-Brentano geometry with Cu Ko radiation at the angles of
20 = 5—60° and scanning by steps of 0.01°. The small-angle grazing
incidence XRD (GIXRD) with an angle of 0.5° allowed more precise
phase composition data from the thin coatings on Ti substrates.
Prior to XRD, the samples were annealed in air at 700°C for 1 h to
change the structure of coatings from the quasi-amorphous to the
crystalline state.

A Raman spectroscopy was carried out using a Renishaw inVia
Raman microscope (UK). The laser wavelength in the experiment
was 633 nm. Morphology of the coatings was studied with atomic-
force-microscopy (AFM) at room temperature by a Solver HV
atomic force microscope (NT-MDT, Russia). The elemental compo-
sition of each target's zone erosion and that of the coatings was
determined by a Philips SEM 515 SEM with an EDAX ECON IV (USA)
micro-analyser.

3. Results and discussion

AFM images of the surface topographies of the as-deposited CaP
coatings are presented in Fig. 1. The mean average structural ele-
ments size was 535 + 45 nm (Fig. 1a) and was determined by the
intercept method from AFM images. Nuclei of new structural ele-
ments can be observed on the top of each globular-like structures.
Agglomerates of larger size can be, possibly, formed with the
growth of overall thickness of the coating. The increase in the
concentration of TCP in the biphasic targets leads to the formation
of smaller surface features on the coatings' surfaces (Fig. 1b—d). The
correlation between the structural elements size in the coatings
and the content of TCP in the biphasic targets is presented in Fig. 1f.
The addition of TCP to the biphasic targets reduces the size of the
surface structures of coatings from 535 + 45 nm down to
78 + 19 nm. The smallest size of structures, 28 nm, is related to the
case of sputtering a pure TCP target (with the average element size
of 78 + 19 nm, close to the size of biological HA crystallites
(30—50 nm) [18]). It should be noted that crystallites in the bio-
logical HA are formed as plate-like structures instead of the glob-
ular shape topography of our deposited coatings. On the other
hand, the attachment and differentiation of osteoblasts are
enhanced on more complex, micro-rough CaP surfaces rather than
on smooth topographies [19]. Thus, it is possible to manipulate the
coating's topography by increasing the concentration of HA or of
TCP in the biphasic targets.

Diffraction patterns of as-deposited CaP coatings and of coat-
ings after annealing, obtained in the standard Bregg-Brentano
geometry, are presented in Fig. 2. For the as-deposited coatings
(Fig. 2a), the high intensity peaks, attributed to the Ti substrate,
are registered. The XRD patterns of CaP coatings after treatment at
700 °C for 1 h (Fig. 2b) show peaks of TiO; (rutile) that appeared
after annealing. It is possible to distinguish an expanded peak of
small intensity at 20 = 31-34°, possibly belonging to HA.
Diffraction intensity of the HA peak is very weak due to the small
coating's thickness. The rest of the diffraction peaks are related to
the substrate. The same situation was observed for all other types
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Fig. 1. The morphology of the coatings deposited from the following targets: 100HA (a), 75HA/25TCP (b), 50HA/50TCP (c), 25HA/75TCP (d) u 100TCP (e). Correlation between

structural elements size and TCP content in the target (f).

of coatings.

The GIXRD data for CaP coatings deposited from biphasic targets
and targets of pure HA and TCP are presented in Fig. 3. The coatings
were annealed at 700 °C prior to the GIXRD experiment to obtain
more intense peaks from the coating material. As shown by the
GIXRD analysis, the HA is the dominant phase for all coatings
deposited from targets of different composition. Crystal planes
(211), (112), (002), (300) and (202) have been registered in all the
deposited coatings. With the decrease in the TCP content in the
targets, the peak intensities related to HA became more pro-
nounced. The TiO, phase formation due to the high-temperature
annealing and substrate oxidation is present in all the coatings.
Moreover, the CaO phase also appears in all the coatings. According
to the GIXRD data, the HA, CaO and TiO, peaks intensity is weak,
but well-defined. The weak peak intensities are connected to the
small coating thickness. No peaks associated to the TCP phase were
detected. From this, after annealing, the coatings consist of the HA
phase alone. However, an overlap of the TCP peaks with those of the
HA may take place. The presence of CaO phase in all the sputtered
coatings might be caused by annealing. According to [20], anneal-
ing in the air leads to decomposition of calcium phosphates with
the CaO formation according to the equation:

Cay19(PO4)g(OH); — 3Caz(POg4)2+Ca0 + H5O0. (1)

It has been shown that HA decomposition may occur at rela-
tively low (900 °C) annealing temperature, instead of
1150—1200 °C, as mentioned in some papers [21]. It has also been
noted that annealing of the CaP coatings on Ti substrates leads to Ti
oxidation. The oxygen for oxidation is supposedly taken from the
coating material.

XRD spectra of all five types of depleted targets are presented in
Fig. 4. It is important to note that in all the cases, CaO diffraction
peaks are absent is the spectra. The phase composition of the
biphasic targets correlates well with the mixture ratios of HA and
TCP. In the case of the 75HA/25TCP target, the amount of the TCP
phase is small. Solitary peaks of TCP are found in the range of
20 = 36°—41°. Where the angles of the TCP and HA diffraction
maximums overlap, the HA peaks are slightly increased. The TCP
phase is predominant in the spectra related to the 50HA/50TCP and
25HA/75TCP targets. The CaO formation is related to either the RF
magnetron sputtering or the annealing step but is not connected to
the target sintering procedure. Certain ion species are known [22]
to be present in the plasma during sputtering, namely: CaO",
Ca®t, PHO", PO*, P*, PO3 . These species condense on the substrate
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Fig. 3. The diffractograms obtained in grazing angle geometry from thin coatings deposited from the following targets: 100HA (a), 75HA/25TCP (b), 50HA/50TCP (c), 25HA/75TCP

(d) and 100TCP (e).

as ad-atoms, subsequently, forming the coating structure. One of
the sputtered ion groups is CaO, which in the coating and forms a
separate CaO phase.

In case of sputtering of biphasic targets, the EDX analysis of the
coatings shows an increase in the Ca content, which can be asso-
ciated to the increased amount of the CaO phase in such coatings.
Thus, one can conclude that the content of Ca and CaO is increased
in the coatings sputtered from biphasic targets [23]. According to
the EDX data, the increased TCP content in the biphasic targets
causes deviation in the elemental composition of the films. A

correlation between the Ca/P ratio of the biphasic coatings and the
TCP concentration in the targets is revealed in Fig. 5. From the plot,
it is seen that the Ca concentration is increased with the increase of
the TCP content in the biphasic targets. After sputtering, the
biphasic targets become sub-stoichiometric as the concentration of
Ca decreases, correlating with the increase of the Ca amount in the
coatings.

After a series of sputtering, the Ca content in the biphasic targets
is decreased proportionally to the increased Ca content in the
sputtered coatings. In the case of the 25HA/75TCP biphasic target,
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Fig. 4. The diffractograms obtained from the following targets: 100HA (a), 75HA/25TCP (b), 50HA/50TCP (c), 25HA/75TCP (d) and 100TCP (e).

the Ca/P ratio is equal to 0.8. As a result, the target became Ca
deficient compared to the original composition. However, with the
increased HA content in the 75HA/25TCP target, the Ca/P ratio was
increased up to 1.26, while an inverse situation is observed in the
coatings. The Ca/P ratio in the coating deposited from the 25HA/
75TCP biphasic target is equal to 2.54, so that Ca is intensively
sputtered from the TCP rich target. It is also known, that CaO is the
most weakly bonded component in the HA and is actively sputtered
from TCP rich targets [23]. The binding energy of the CaO molecule
is 91 kcal/mol, whereas for the PO3~ group it is 142 kcal/mol. As
such, the sputtering of CaO is expected to prevail, and the con-
centration of Ca in the coating is expected to increase.

In Table 1, the theoretical Ca/P ratio is compared with the EDX
data for the targets and for the as-deposited coatings. The
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Fig. 5. Ca/P ratio in the thin coatings deposited from the biphasic targets versus TCP
content.

calculated atomic ratio of Ca/P = 1.52 for the 25HA/75TCP biphasic
target is quite far from the experimental value of Ca/P = 2.54 in the
coating which reveals a stark difference between the theoretical
and experimental Ca/P content in both the coatings and the targets
of the biphasic materials. On the other hand, the EDX data of pure
HA and TCP targets and coatings compare favourably with theo-
retical values. From this, one can conclude that sputtering process
of the biphasic targets of homogeneous mixtures of HA and TCP
powders of different ratios is selective because CaO* and Ca®* more
actively sputtered from the targets. In the case of sputtering of pure
HA or TCP targets, this effect is not pronounced, if it exists. Thus, it is
possible to manipulate the Ca/P ratio in the coatings by varying the
content of HA and TCP components in biphasic targets.

Raman-spectra of all five types of as-deposited coatings on Ti
substrates are presented in Fig. 6. Symmetric vibration mode of
PO3~ (v1) in the 920-980 cm™~! range has its maximum intensity in
the HA spectrum. In the 200-800 cm™! range, the TiO, bands of
high intensity are present, which overlap with the CaP bands. After
annealing (see Fig. 7), in the 1000-1200 cm ™' range, the Raman
shifts characteristic for PO3~ (v3) vibration apatite mode become
visible. Peak intensities of PO~ (v1) are higher for the annealed
samples as compared to the as-deposited ones. This same trend is
observed for the TiO; region. Change in TiO; vibration modes' in-
tensity is connected to the annealing. During the high temperature
treatment, the thicker oxide layer is formed. Moreover, recrystal-
lization of the coating takes place after annealing. This can be
concluded from the fact that PO3~ (v3) vibration mode appeared in
the spectra. The Raman spectroscopy results for the annealed
samples are in correspond well with the GIXRD spectra.

4. Conclusions

Thin quasi-amorphous CaP coatings on Ti substrates can be
obtained by RF magnetron sputtering of biphasic targets consisting
of homogeneous mixtures of HA and TCP in different proportions as
well as of single HA and TCP targets. The structure, composition and
morphology of the coatings can be controlled by the biphasic



KA. Prosolov et al. / Bioactive Materials 2 (2017) 170—176 175

Table 1

Theoretical and experimental Ca/P ratio for biphasic targets and as-deposited coatings.

Type of the target HA/TCP mass ratio

Estimated ratio of Ca/P

Ca/P ratio in the coatings Ca/P ratio in the targets

HA100 HA 1,67 1,57 + 0.2 1,4+0.2
HA75/TCP25 3/1 1,58 1,66 + 0,2 1,26 + 0,2
HA50/TCP50 11 1,54 1,91 +0.2 0,95+ 0,2
HA25/TCP75 13 1,52 2,54+ 0,2 081+02
TCP100 TCP 15 1,57 + 0,2 1,38 + 0,2
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Fig. 6. Raman spectra from as-deposited coatings from the following targets: 100HA (a), 75HA/25TCP (b), 50HA/50TCP (c), 25HA/75TCP (d) and 100TCP (e).
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targets composition. The increase in the TCP proportion in the
target mixture leads to the decrease of the average size of the
surface structural elements to its minimum (about 78 nm in the
case of single-phase TCP target). According to the GIXRD data,
single-phase HA coatings are formed after annealing. Depletion in
the Ca content of the biphasic targets in connection with the
number of sputtering cycles, revealed by the EDX, is correlated with
the increase in the TCP content. The Ca content in the coatings

increases in the same proportion and can be used to tailor the
elemental composition of the coatings.
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