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Abstract

A crucial property for implants is their biocompatibility. To ensure biocompatibility, thin coatings
of hydroxyapatite (HA) are deposited on the actual implant. In this study, we investigate the effects
of the addition of silicate anions to the structure of hydroxyapatite coatings on their adhesion
strength via a scratch test and ab initio calculations. We find that both the grain size and adhesion
strength decrease with the increase in the silicon content in the HA coating (SiHA). The increase

in the silicon content to 1.2 % in the HA coating leads to a decrease in the average crystallite size
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from 28 to 21 nm, and in the case of 4.6 %), it leads to the formation of an amorphous or nanocrys-
talline film. The decreases in the grain and crystallite sizes lead to peeling and destruction of the
coating from the titanium substrate at lower loads. Further, our ab initio simulations demonstrate
an increased number of molecular bonds at the amorphous SiHA-TiO; interface. However, the
experimental results revealed that the structure and grain size have more pronounced effects on
the adhesion strength of the coatings. In conclusion, based on the results of the ab initio simulations
and the experimental results, we suggest that the presence of Si in the form of silicate ions in the
HA coating has a significant impact on the structure, grain size, and number of molecular bonds

at the interface and on the adhesion strength of the SIHA coating to the titanium substrate.

Key words: adhesion strength, ab initio calculations, VASP, RF magnetron sputtering, hydroxy-

apatite coating, silicon-containing

Introduction

Different approaches are used to improve the biocompatible properties of metallic implants
to increase their lifetime and to decrease the patient’s recovery time. The most frequently used
approaches are plasma spraying [1], micro-arc oxidation [2], RF magnetron sputtering [3, 4], sol-
gel, and biomimetics [5].

Biocompatible coatings are mostly based on either pure hydroxyapatite (HA) or HA con-
taining different bioactive elements, such as Si, Mg, and Sr, deposited by plasma-assisted tech-
niques. These coatings are known to possess mechanical properties that are suitable for biomedical
applications [5, 6]. It was previously reported that doping of pure HA with Si results in the en-
hancement of its bioactive performance [7-9]. It was also reported that Si-containing coatings have

significant effects on cell behaviour [5].



It is known that modifying the implant surface with HA-based coatings promotes better im-
plant osseointegration in comparison to uncoated implants [5]. In spite of controversial studies,
which describe results contrary to the beneficial effects of the coatings [10], exploring the different
routes for implant surface modification with calcium-phosphate-based (CaP) coatings is still a
current research trend.

The adhesion strength is one of the most important properties of the coatings, as it defines
the overall success of the implant [11]. However, no structure-adhesion strength relationship has
been revealed for thin RF magnetron sputter deposited CaP-based coatings of pure HA and silicon-
containing HA (SiHA). In addition, to the best of our knowledge, there are no studies reporting
the effect of Si on the adhesion strength of SIHA bioactive coatings.

Although biocompatible ceramic HA coatings have been widely investigated experimen-
tally, theoretical studies are scarce. To the best of our knowledge, there are no studies reporting
the results of ab initio calculations of the adhesion strength of RF magnetron sputter deposited
coating, in particular in comparison with the experimental results obtained via adhesion test. How-
ever, such studies, which are performed using computer modelling based on the first principles
quantum mechanical methods, can predict the sub-nanometre physics and chemistry at the metal-
ceramic-coating interface. Moreover, currently, the design of materials based on first principles
has become an important, cost-effective tool for predicting the structural, electronic, mechanical,
and physicochemical characteristics of materials [12-15].

The objective of this study is, therefore, to investigate the physicomechanical properties of
the deposited coatings of pure HA and SiHA and to investigate the influence of the atomic factors
on the electronic and physical-mechanical properties of the reconstructed interfaces, as follows:
work of adhesion, chemical bond formation mechanisms, integral charge transfer, and charge den-

sity distribution.

Materials and methods
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To produce an RF magnetron sputter-deposited coating, first, the precursor powders were
synthesized with a tailored chemical and phase composition by mechanochemical synthesis [16].
Powders of Si-substituted HA (Cai0(PO4)6-x(S104),(OH)>-x, x=0; 0.5 and 1.72 Mol) were prepared
and analysed. The content of silicon in the powders was previously optimized and reported else-
where [17, 18]. The HA and SiHA powder were obtained from the Institute of Solid State Chem-
istry and Mechanochemistry of the Siberian Branch of the Russian Academy of Sciences (ISSC
SB RAS) and are reported by the manufacturer to have an average particle size of ~70 nm. Then,
the sputtering targets were prepared by a conventional ceramic technology, which involves the
pressing of a powder into pellets followed by annealing. An aqueous solution of polyvinyl alcohol
(PVA) was used as the binder. The mixture was compacted at a pressure of 70 MPa and then
sintered in air at 1100 °C for 1 h. The investigations of the precursor-powders and sintered targets
for sputtering were previously described elsewhere [18, 19]. It is very important to note that in the
case of SiIHA powder containing 1.2 and 4.9 at% of Si (corresponds to 0.5 and 1.72 Mol), the
preparation of the target resulted in the formation of the calcium phosphate (CaP) phase HA and
tricalcium phosphate (TCP), as determined by XRD.

The films were deposited using an RF (13.56 MHz) plasma setup (RF powered electrode
is 20 cm in diameter). The RF power of 500 W, the Ar gas pressure (working pressure of 0.4 Pa
with a base pressure of 10 Pa) and the distance between the target and substrates were kept at 40
mm for all experiments. The HA and SiHA coatings were deposited for up to 8 h. Si wafers, KBr
crystals (as a model compound) and pure titanium were used as substrates. The titanium was
treated with an impulse electron beam (SOLO setup, IHSE SB RAS, Tomsk). The treatment con-
ditions are as follows: impulse duration of 50 us, impulse number — 3, and an energy density of 15
J-cm2. Optical ellipsometry (Ellipse 1891-S AG, ISP SB RAS, Russia) was used to determine the
thickness of the deposited coatings [20], which was calculated as the mean of 10 measurements
from each studied sample group. The morphology and chemical composition were studied using a

MERLIN field emission scanning electron microscope equipped with energy-dispersive X-ray
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spectroscopy (EDS) (Carl Zeiss). The structure of the HA coatings was examined using X-ray
diffraction (XRD) (Shimadzu XRD-7000) and CuKa radiation at 40 kV with a current of 40 mA
and at an incidence angle of 2° (20 range from 5° to 90° with a step size of 0.01°). The average
crystallite size was calculated using Scherrer’s equation from the broadening of the diffraction
peaks, taking into account the instrument broadening and using the PowderCell 2.4 program. An
instrumental broadening of 0.1° 20 was determined by the full width at a half maximum (FWHM)
of a highly crystalline silicon powder as standard. As references for the HA and titanium patterns,
the standard cards from the ICDD database #9-0432 and #44-1294 were used, respectively. The
molecular compositions of the deposited coatings were investigated using Fourier transform infra-
red spectroscopy (FTIR, Bruker Vertex 70; 400-4000 cm’'; resolution 4 cm™'; averaging of 20
scans). All the spectra were collected over a range from 400 to 4000 cm™! at a resolution of 4 cm™
I, A scratch test was performed using a CSEM Micro Scratch Tester. The parameters used in the
experiments were as follows: a linearly increasing load on the indenter (200 pm in radius) from
0.01 to 15 N; a scratch length of 10 mm; and a normal pressure rate of 15 N min'. The critical
load, at which the delamination of the coating from the substrate began, was characterized using
the friction coefficient (FC).

The first-principles calculations were performed with the Vienna ab initio simulation pack-
age (VASP) [21-25] using the Perdew-Burke-Ernzerhof (PBE) generalized gradient approxima-
tion (GGA) [26, 27] and a plane wave energy cut-off of 500 eV. For the elements, the valence
electron configurations were 1s! for hydrogen, [Ne] 3s23p° for phosphorus, [Ar] 4s? for calcium,
[He] 2s*2p* for oxygen, [Ne] 3s?3p? for silicon, and [Ar] 3d%4s!' for titanium. The total energy in
the calculations is converged to within 0.01 eV, and a 6 x 6 x 1 I'-centred k-point grid is used for k-

point sampling. The crystal structures are visualized by the VESTA 3 program [28].

Results and discussion
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Typical SEM images of the SiHA coatings (1.2 and 4.6 at% Si) are shown in Fig. 1, which
allows the surface grain structure to be revealed. The decrease in the grain size according to the
obtained SEM images correlates well with the decrease in the crystallite size according to the X-

ray diffraction results (Fig. 2a) [29].

a) SiHA coating (4.6 at% Si)

b) SiHA coating (1.2 at% Si)

c) HA coating
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Figure 1. SEM-images of HA coatings with different contents of silicate groups deposited on the

surfaces of Ti treated with an impulse electron beam

It is seen in the Fig. 2a that pure HA coating reveals <001> texture, which is typical for
RF-magnetron sputter deposited coating [30]. In addition, the increase of the content of Si in the

coating results in the decrease of the (002) plane (20 at 25.9°) intensity of the HA coating. In

further, there is no peak at 25.9° in case of the coating with the content of 4.6 at% Si. The absence
of an "amorphous hump" in the XRD pattern for the (4.6 at.% Si) SiHA coating is similar to that
seen in XRD-patterns for commercial plasma-sprayed HA coatings [1]. These observations allow
revealing that Si significantly affects the coating structure and the increase of its content results in
the decrease of the coating degree of crystallinity, which is also found elsewhere [31]. A possible
mechanism is that Si atoms can accumulate on the surface of HA crystallites, as well as Si can be
integrated into the structure of HA in the form of orthosilicate anions SiO4*", replacing phosphate
anions PO4+™. Thus, the segregation of Si atoms on the surface of HA crystallites leads to the de-
crease in their growth rate (Table 1), which results in the decrease in the average grain size from
(150 £ 15) to (70 £ 5) nm (Fig. 1a-c) with the increase of the Si content in the coating from 0 to
4.6 at%. Moreover, the increase in the Si content to 4.6 at% results in the formation of a nanocrys-

talline or X-ray amorphous coating (Fig. 2a).
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Figure 2. a) X-ray diffraction patterns; b) IR spectra, HA and SiHA coatings with various Si con-

tent; ¢c) EDS-spectrum of the SiHA coating (1.2 at% Si)

The results of the X-ray diffraction correlate well with the IR-spectroscopy results (Fig.
2b). All the PO4* bonds, which are typical for HA, are observed [32, 33]. However, the increase
in the Si content in the HA coatings results in the distortion of the phosphate groups’ absorption
bonds and, thus, increases their structural disorder. In the case of pure HA coating, all the bonds
assigned to phosphate groups are well-resolved. However, in the case of 4.6 at% of Si, it is not
observed, which is in good agreement with the fact that the addition of Si results in the decrease
of the HA grain size and the formation of an X-ray amorphous or nanocrystalline coating (Fig.
2a). The typical EDS-spectrum of the SIHA coating (1.2 at% Si) is presented in Figure 2c.

It is known that the mechanical properties of a biocompatible coating on the implant surface
play a decisive role in its success. Therefore, the effect of the silicon content in the HA coating on
its adhesion strength was studied via a standard scratch test complemented by first-principles cal-
culations.

Our scratch test experiments demonstrate a relationship between the applied load and the

friction coefficient (FC) under loading of the diamond indenter. We find significant fluctuations

8
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in the FC that are associated with the microstructure of the deposited coating [34] (Fig. 3). A
careful analysis of the results reveals deformation behaviour during the destruction of the coatings.
In the case of the HA coating, the FC value increases at relatively low normal loads and reaches a
constant value of ~ 0.75 for a load exceeding 6 mN. The value of the critical load (L) at the time
when the deposited coating begins to peel off from the substrate for HA coatings is ~ 5.85 N, and
in the case of SiHA (1.2 at% Si), itis ~ 5.5 N.

The experimental results allow us to establish that the destruction of the HA coating occurs
via the cohesive mechanism, which is subsequently accompanied by peeling of the coating from
the substrate along the scratching direction. In the case of SIHA coatings containing 1.2 at% Si, a
local destruction of the SiHA (1.2 at% Si) coating is found along the edges of the scratches at high
loads. In addition, the destruction of crystalline STHA (1.2 at% Si) coatings occurs via the plastic

deformation mechanism, which is in accordance with the results reported elsewhere [17].
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Figure 3. Change in the FC values as a function of the applied load obtained using the scratch test

for the HA and SiHA coatings with a Si content of 1.2 and 4.6 at%

Table 1. Lattice parameters and crystallite sizes calculated for various types of coatings

[

Type of the coating Lattice parameters, A Crystallite size, nm
HA a=9.4351(1) 2843
¢ =6.9013(2)
SiHA (x=0.5) (1.2 at% Si) | a=9.4719(3) 21+5
¢=6.9224(1)
SiHA (x=1.72) (4.6 at% Si) | - Nanocrystalline or X-ray
amorphous coating

Peeling of the SiHA coating (4.6 at% Si) is observed at lower loads, which is consistent
with the decrease in the grain size, which indicates that an increase in the Si content in the coating
reduces the adhesion strength as a result of an increase in the internal microstress. Thus, a higher
Si content in the HA coating leads to an increase in the indenter penetration depth into the coating
and a greater loss of the coating during scratching due to wear, which is in good agreement with
the X-ray diffraction analysis results. The differences in the microstructures of the deposited coat-
ings determine the various behaviours of the studied materials, which are connected with the mi-
crostress caused by the application of the normal load of the indenter on the coating surface [29].
As shown in Fig. 3, in addition to the formation of the pile ups, peeling and destruction of the HA
coating during scratching is observed, whereas in the case of SIHA coatings, the material is re-
moved from under the indenter in the direction of its movement; thus, fewer cracks along the
scratching direction occur compared to pure HA films.

The decrease in the adhesion strength with the increase in the Si content can most probably
be associated with the increase in the microstress in the coating, the increase in the number of

structural defects and incoherent interfaces, which is confirmed by the coating microstructure
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results obtained by XRD diffraction [35]. It is seen from the XRD results that the higher the content
of Si, the less crystalline coatings are deposited. In addition, IR-spectra reveal that the increase of
the content of Si makes the resolution of P-O bands in the wave number range 900-1100 cm™!
impossible and signifies the increase of the internal defects in the coating.

The adhesion strength and deformation mechanisms of the coating at the interface are in-
fluenced not only by the coating microstructure but also by the interatomic interaction between the
bioceramic coating and the metallic substrate. Therefore, to obtain further insight in the adhesion
mechanism between titanium and the HA or SiHA coatings, we systematically study the intera-
tomic interaction at the substrate-coating interface by using density functional theory (DFT) cal-
culations.

In this work, we used the interface formed between the most stable HA (001) and rutile
(rTiO2) (110) surfaces [36-38] in an amorphous state. The initial configurations of 44-atom HA
(001) and 72-atom rTiO2 (110) - (1x3x4) surfaces were cut out from converged and fully optimized
hexagonal HA and tetragonal rTiO; unit cells by the ADF (Amsterdam Density Functional) soft-
ware package [39]. The selection of the stacking configurations with the minimum total energy for
the entire system and the amorphization of HA were performed using the serial version of ReaxFF
[40, 41] in accordance with the previously reported procedures [42]. In our previous study [42],
we confirmed the reliability of the amorphicity of the obtained amorphous calcium phosphate (a-
HA) and amorphous titanium dioxide (a-TiO2) systems by comparing the calculated structural
features with existing theoretical results and experimental data [43-46].

Based on the relaxation results presented earlier [42], we selected a representative a-HA/a-
TiO> configuration that gave us the best interatomic interaction for the generation of the Si substi-
tuted interfaces. Then, using the selected configuration of a-HA/a-TiO,, we created 12 Si doped-
a-HA/a-TiO; interfaces (114-atom supercell) through the substitution of one P atom by one Si
atom in each of the six PO4 groups in a-HA (a-SiHA) with the creation of OH-vacancies as charge

compensation [47].
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For each interface, after optimization using DFT, we calculated the work of adhesion (W)
as the total energy difference between the optimized structure of the interface system and the iso-
lated component slabs (substrate and coating) with the same geometry as that of the optimized
interface system divided by the interface surface area [48]. The calculated the W, of the a-
SiHA / a-TiO; and a-HA/a-TiO; interfaces; those which showed the best interatomic interaction
are listed in Table 2.

As seen, the interactions (absolute value of the obtained W,,;) for the a-SiHA / a-TiO> in-
terfaces are higher than those found for the a-HA/a-TiO: interfaces (a 13 % increase on average),

thus showing the large influence of the Si dopants on the coating-substrate adhesive bond strength.

Table 2. Work of adhesion calculated with PBE functional

system a-HA / a-TiO; a-SiHA / a-TiO>
W,q (J/m?) —2.429 —2.785
ICT (electron) —0.467 —0.346

To clarify the effects of the Si doping in the a-HA structure on the chemical bonding mech-
anism at the constructed interfaces, we compare the charge redistribution that arises due to the
electronic hybridization between the orbitals of the coating and the substrate using a charge density
difference (CDD) visualization, as follows [49]:

Ap(r) = Pa-HA/a-TiO, (r) — pa—ua(r) — pa—TiOZ(T):
where p,_pa/a—Tio, (1) is the charge density of the total a-HA /a-TiO> interface system, and
Pa-na(r) and p,_tio, (1) are the charge densities for the isolated a-HA and a-TiO: slabs, respec-
tively.
The CDDs with isosurface values of + 0.008 e/A? for the a-HA / a-TiO» and a-SiHA / a-TiO»
systems are shown in Figure 4. For both interfaces, we observe a charge depletion near the O atoms
from the a-TiO: slabs and a charge accumulation near the Ca atoms, which means that covalent

(polar) Ca-O bonds are formed. The same character of the charge transfer is observed between the

12



13
O atoms from the PO4 groups and the Ti atoms along the Ti—O direction at the interface. Further,
it can be seen that the Ti and Ca atoms act as electron acceptors (Lewis acid), whereas the O atoms
from the coating and the a-TiO; slab act as electron donors (Lewis base) [50].

Based on the visualization of CDD, the doping-induced effects on the bond lengths are ana-
lysed as well. For a-HA / a-TiO, one strong Ti—O bond (1.83 A) and three relatively weak cova-
lent Ca—O bonds in the range of 2.43 + 0.07 A are detected.

The a-SiHA / a-TiO; interface, on the other hand, gives two dominant Ti—O bonds (1.90 A
and 2.22 A) and three Ca—O bonds (2.34 A, 2.44 A and 2.46 A), showing the quite strong chemical
bonding at the interface.

Moreover, we obtain a high W, value of —2.785 J/m? for the a-SiHA / a-TiO; interface,
which agrees with the observation that the number of Ti-O bonds between the surfaces increased

due to the substitution, providing that the covalent bonding interactions are stronger than those for

the a-HA / a-TiO> (-2.429 J/m?).
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Figure 4. a) Charge density difference (CDD) for the a-HA/a-TiO> interface and b) the a-SiHA/a-
TiO; interface. The isosurface value is set to + 0.008 ¢/A’. The yellow regions show electron de-
pletion, and the cyan regions represent electron accumulation. The white, red, purple, dark blue,

light blue and orange spheres represent the H, O, P, Si, Ca, and Ti atoms, respectively

The integral charge transfers (ICT) as calculated using the Bader code [51] are found to be
—0.467 and —0.346 electrons for the a-HA / a-TiO2 and a-SiHA / a-TiO; interfaces, respectively
(Table 2). A negative value for the ICT means that a-TiO; receives an electron charge from a-HA.
Note that the total charge transfer is insignificant due to the character of bonding at the interface.

Thus, it was found that replacing the phosphate groups with Si anions in the a-HA crystal
greatly influences the coating-substrate interaction. Doping leads to an increase in adhesion by
~ 13 % due to a rise in the amount of interfacial polar covalent Ti—O bonds across the interface.

It is important to note that according to the obtained experimental data, compressive mi-
crostresses and the microstructures of the HA coatings have key effects on the adhesion strength.
However, explicit determination of the effect of the Si doping on the adhesion properties of HA
coating based on a Ti substrate is needed, and it is necessary to exclude the influence of the pa-
rameters associated with its processing and preparation methods. For this, the use of computer

simulations based on the first principles of quantum mechanical methods is highly suitable.
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Conclusions

We investigated the influence of Si doping on the adhesion strength of hydroxyapatite coat-
ings on titanium substrates. The segregation of Si atoms on the surface of HA crystallites results
in a decrease in their growth rate. The decrease in the average grain size in the coatings, according
to SEM results, from (150 £ 15) to (70 £ 5) nm with the increase in the Si content is in accordance
with the decrease in the crystallite size determined by XRD diffraction. The decrease in the adhe-
sion of the HA coatings with the increase in the Si content is connected with the changes of the
structures of the films and deterioration of their structures. Different deformation and failure mech-
anisms of the coatings were observed. In the case of the crystalline HA coatings, failure occurs
due to the low cohesion of the coating, whereas the SiHA coating with 1.2 at% Si is deformed in
a plastic manner, without any detachment from the titanium substrate. Both elastic and plastic
failure mechanisms were observed in the case of the SiHA coatings with a Si content of 4.6 at%;
moreover, plastic deformation was dominant. This work also presents the results of DFT calcula-
tions, which were employed for the investigation of the effect of substitutional Si doping in an
amorphous CaP (a-HA) structure on the interfacial bonding mechanism between the a-HA coating
and an amorphous titanium dioxide (a-TiOz) substrate. The calculations revealed that Si doping
leads to an increase in the adhesion by ~ 13 % due to a rise in the number of interfacial polar
covalent Ti—O bonds across the interface. Thus, the quantum-mechanical calculation methods
made it possible to determine the mechanisms of the formation of interfacial regions in composite

materials based on CaPs and titanium.
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