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Abstract: The porous CaP subcoating was formed on the Ti6Al4V titanium alloy substrate by plasma
electrolytic oxidation (PEO). Then, upper coatings were formed by radio frequency magnetron
sputtering (RFMS) over the PEO subcoating by the sputtering of various CaP powder targets:
-tricalcium phosphate (3-TCP), hydroxyapatite (HA), Mg-substituted p-tricalcium phosphate
(Mg-B-TCP) and Mg-substituted hydroxyapatite (Mg-HA), Sr-substituted (3-tricalcium phosphate
(Sr-p-TCP) and Sr-substituted hydroxyapatite (Sr-HA). The coating surface morphology was studied
by scanning electron and atomic force microscopy. The chemical composition was determined by
X-ray photoelectron spectroscopy. The phase composition of the coatings was studied by X-ray
diffraction analysis. The Young’s modulus of the coatings was studied by nanoindentation test.
RF-magnetron sputtering treatment of PEO subcoating resulted in multileveled roughness,
increased Ca/P ratio and Young’s modulus and enrichment with Sr and Mg. Sputtering of the
upper layer also helped to adjust the coating crystallinity.

Keywords: plasma electrolytic oxidation (PEO); radio frequency magnetron sputtering (REMS);
calcium-phosphate (CaP) coating

1. Introduction

Implant integration on the bone site, together with the bone fracture consolidation time and
effectiveness, are among the most significant conditions for effective bone healing. Bioactive calcium
phosphate (CaP) coatings are assigned to improve metallic implant osseointegration and reduce bone
healing time. Micro-arc oxidation (MAO) or plasma electrolytic oxidation (PEO) and radio frequency
magnetron sputtering deposition (RFMS) are the most developed CaP coating deposition methods.

Compared to other surface modification methods, PEO is economically efficient and best for the
deposition of bioactive coatings with open porosity [1,2]. PEO coatings are excellent for their high
wear and corrosive resistance [3-6], and low residual stress on the surface due to porous morphology [7].
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Porous morphology of the coating enhances implant osseointegration and promotes bone tissue regeneration.
Moreover, the raw surface provides a higher available surface area for cell seeding and bone morphogenetic
protein (BMP) adsorption [8]. Another PEO feature is the feasibility of modifying the surface of complex
shape and 3D-printed implantable devices. In turn, RF-sputtered coatings are dense and known for
their higher calcium-to-phosphorus (Ca/P) ratio. RFMS allows for coating deposition on the various
types of materials, including ceramics and polymers. This method is variable not only due to substrate
material options, but also due to the material of the sputtered target.

RFMS and PEO are also known for their disadvantages. PEO coatings can only be deposited on the
surface of the valve metals [9-12]. REMS requires expensive vacuum equipment and restricted by a low rate
of deposition, which determines the low efficiency of this method [13,14]. Moreover, magnetron sputtering
cannot ensure coating deposition on the inner surfaces of complex-shaped substrates. A combination of
PEO and RFMS could consolidate their advantages and compensate for the drawbacks.

A combination of PEO and RFMS was used previously [15,16]. Park et al., revealed the effect
of enhanced corrosion potential and passive current density after REMS of Mn on the Ti-29Nb—xHf
substrate [15]. The molar ratio of (Ca + Mn)/P was growing with the increase in Mn sputtering time.
Hwang etal. combined PEO and RFMS to fabricate CaP/Zn coatings on the Ti-6Al-4V [16]. Coatings RFMS
with Zn showed a higher cell proliferation rate. Extended Zn RFMS leads to an increased (Ca + Zn)/P
ratio, growth of the amorphous phase and increase in Zn corrosion rate.

In the presented study, we sputtered thin RFMS CaP coatings of various compositions to enhance
the osteostimulating properties and increase the Ca/P ratio of the PEO CaP subcoating. An increase
in Ca/P ratio, the formation of multileveled roughness and enrichment with Mg and Sr are engaged
to potentially regulate osteoblasts” and osteoclasts” functionality and enhance cell attachment and
proliferation [17-20].

2. Materials and Methods

2.1. Coatings Formation

Ti-6Al-4V 10 mm in diameter and 1-mm-thick disks were used as substrates for coatings formation.
Preparation of the surface of the samples before coating included cleaning in an ultrasonic bath in
distilled water and chemical etching in an aqueous solution of nitric and hydrofluoric acids taken in
volume ratios of HNO3:HF:H,O = 1:2.5:2.5, at the temperature of 15-20 °C for 10-15 s, followed by
neutralization in a 1% aqueous solution of sodium hydroxide and repeated washing with distilled water.

PEO subcoating was formed on the “Micro-arc oxidation complex” (PEOC) designed in the
Laboratory for Plasma Hybrid Systems, The Weinberg Research Center, School of Nuclear Science &
Engineering of Tomsk Polytechnic University (Tomsk, Russia). A supersaturated solution of CaO in
10% H3PO4 with 10 g/L dispersed hydroxyapatite (particle size up to 70 pm) was used as an electrolyte.
The density and pH of electrolyte were 1080-1090 kg/m3 and 2.03, correspondingly. PEO subcoating
was formed at the following operating mode: voltage—320 V, voltage rise rate—3 V/s, pulse repetition
rate—200 Hz, pulse duration 100 ps, coating formation time—15 min. The temperature of electrolyte
was keeping about 15 °C by cooling the bath by water flow. Coated samples were washed in distilled
water and dried at 120 °C on air for 30 min.

Various RF magnetron sputtered upper coatings were formed by the sputtering of six different
powder targets: pure (3-tricalcium phosphate (3-TCP), pure hydroxyapatite (HA), Mg-substituted
B-tricalcium phosphate and Mg-substituted hydroxyapatite (Mg-3-TCP, Mg-HA, Mg substitutions
concentration was 1.53 wt.% + 0.01 wt.%), Sr-substituted 3-tricalcium phosphate and Sr-substituted
hydroxyapatite (Sr-3-TCP, Sr-HA, Sr substitutions concentration was 3.39 wt.% + 0.09 wt.%). 3-TCP,
Mg-B-TCP, Sr-B-TCP powders were synthesized in Riga Technical University (Riga, Latvia) [13].
HA-based powders were synthesized by microwave assisted method in Tomsk State University
(Tomsk, Russia) [14]. Liquid phase synthesis of MgHA and SrHA powders was carried out using
a stoichiometric ratio Ca/P = 1.67 ((Ca + Me)/P = 1.67) and the following reactions:
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(1O—x)Ca(NO3)2 + 6(NH4)2HP04 + XMg(NO?,)z + 8NH4OH = Ca(lo_x)ng(PO4)6(OH)2 + 6H20 + 20NH4N03 (1)

(1O-x)Ca(NO3)2 + 6(NH4)2HPO4 + XSI‘(NO3)2 + 8NH4OH = Ca(m_x)er(PO4)6(OH)2 + 6H,O + 20NH4NO3 (2)

where x = 0.1; 0.3; 0.5 (mol), Me—metal.

An aqueous solution of calcium nitrate was mixed with a solution of ammonium hydrophosphate
in concentration 0.5 and 0.3 M, respectively. The weighed sample of magnesium or strontium nitrate
was added to the calcium nitrate solution. A reactant solution pH value of 10-11 was reached with
an aqueous solution of ammonia (25%, p = 0.9 g/mL). The mixture underwent microwave exposure
with 110 W for 40 min and then was carried at room temperature for 48 h. The precipitate was filtered,
rinsed with a diluted solution of ethanol and dried until constant weight (~15 h) at 95 °C. Dried
powders were annealed for 4 h at 900 °C.

Targets were formed by spreading powders in the hexagonal crucible with an area of 230 cm?
and a depth of 0.6 cm. The volume was constant for all powders and equal to approximately 138 cm?.
The preliminary pressure in the chamber was 10~3 Pa, and the working pressure (Ar) was 0.5 Pa.
The distance between the sputtering target and the substrate was 40 mm, power density—4.8 W/cm?,
sputtering time—7 h for HA-based powders and 21 h for 3-TCP-based powders.

2.2. Coating Thickness

PEO sub-coating thickness was studied by the eddy current testing with the use of Konstanta 5
(KONSTANTA, Saint-Petersburg, Russia) equipment. REMS upper coating was studied on the silicon
witness samples with the use of Ellips 1891 SAG (NPK “Nanotechnology Center”, Novosibirsk, Russia)
spectral ellipsometer.

2.3. Scanning Electron Microscopy (SEM)

Coating morphology was studied on the scanning electron microscope JCM-6000 (JEOL,
Tokyo, Japan) using a backscattered electron detector in a low vacuum mode. Micrographs were
obtained at 15 kV accelerating voltage and 3.5 pA beam current. For better micrograph quality,
all samples were preliminarily sputter-coated with gold using the SC7640 magnetron sputtering system
(Quorum Technologies Ltd., Newhaven, UK).

2.4. Atomic Force Microscopy (AFM)

The surface morphologies of the coatings were examined using atomic force microscope (Solver-HV,
NT-MDT, Moscow, Russia) operating in contact mode.

2.5. X-ray Photoelectron Spectroscopy (XPS)

The chemical composition of the coatings was studied using an Escalab 250Xi instrument
(Thermo Fisher Scientific Inc., Saint-Petersburg, Russia) equipped with monochromatic AlK« radiation
(photon energy 1486.6 eV). Total energy resolution was about 0.55 eV. Spectra were recorded in the
constant pass energy mode at 100 eV for survey spectrum and 50 eV for element core level spectrum,
using an XPS spot size of 650 um. Investigations were carried out at room temperature in ultrahigh
vacuum of 1 x 10~ mbar (in case of the use of electron-ion compensation system, Ar partial pressure
was 1 x 1077 mbar). The library of the reference XPS spectra including the atomic registration sensitivity
factors was provided by the instrument manufacturer within the Avantage Data System (Thermo Fisher
Scientific Inc.). Peaks were deconvoluted using the Avantage software (version 5.977) which was set to
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a Shirley background subtraction followed by peak fitting to Voigt functions having 80% Gaussian and
20% Lorentzian character.

2.6. X-ray Diffraction (XRD) Analysis

Coating phase composition was studied with the use of Shimadzu XRD 6000 (Shimadzu,
Tokyo, Japan) X-ray diffractometer using CuK« radiation. Diffraction patterns were obtained in
Bragg-Brentano geometry with 40 kV accelerating voltage, 30 mA beam current, in the range of 10°-80°
scanning angles with 1°/min scanning speed, 0.02° scanning step and 1 s signal acquisition time.

2.7. Nanoindentation

Composite coating Young’s modulus was measured with the use of Nanoindenter G200
(Agilent’s Electronic Measurement, Santa Clara, CA, USA). Indentation was performed with triangular
Berkovich pyramid at 50 mN at least five times on each sample. Young’s modulus was defined according
to the ISO14577 [21].

3. Results

Two consecutive layers formed composition CaP coatings: thick PEO subcoating and thin RFMS
upper coating of six different compositions. The thickness of each layer and total composite coating
thickness are presented in Table 1. We observed no significant difference in the thickness of PEO
subcoating on all samples, which was approximately 35 um. However, the thickness of REMS upper
coating depends on the target composition and ion substitutions. 3-TCP-based targets have a lower
rate of sputtering comparing with HA-based targets. Another key factor affects the rate of sputtering
is Mg and Sr ion substitutions. Sr substitution increases the rate of 3-TCP RFMS, while Mg has no
significant effect on the sputtering rate. We discussed the effect of Sr and Mg substitutions on the 3-TCP
REMS rate in more detail in our previous study [22]. For HA-based upper coatings, we observed no
significant effect of Sr and Mg substitution on the rate of sputtering. We revealed significant thickness
differences with PEO only for the PEO + HA composite coating.

Table 1. Coating thickness.

Group PEO Subcoating RFMS Upper Coating Total Composite
Thickness, pm Thickness, um Coating Thickness, pm

PEO 35+17 - 350+1.7
PEO + HA 36 +1.0 24+0.1 384+1.1*%
PEO + Sr-HA 36 +1.0 13+017 373+ 1.1
PEO + Mg-HA 34+0.5 1.1+01% 35.1+0.6
PEO + B-TCP 35+15 0.7+0.1 35.7+1.6
PEO + Sr-B-TCP 36+1.5 1.0+011 370+ 16
PEO + Mg-3-TCP 35+15 0.6+0.1 356+1.6

* significant differences with PEO (p < 0.05); t significant differences between groups of the 3-TCP and X-3-TCP
coatings and HA and X-HA coatings, where X is Mg or Sr (p < 0.05).

3.1. Composite Coating Morphology

Close-standing highly porous groups of spheroidal structures (spherulites) form the surface of
PEO subcoating (Figure 1a). The average spherulites lateral dimension varies from 5 to 20 um and
open spherulites walls thickness from 1 to 1.5 um. We suppose that high-temperature microplasma
discharges during PEO initiate erosion and partial destruction of spherulites, which results in
the formation of a sponge-like structure. On the macroscale, this sponge structure is stable after
REMS of the upper coating. Thin upper coating replicates the subcoating macrorelief. However,
at high magnification, we observe crystallite-like structures on the spherulites’ surfaces (Figure 1b-g).
We observed a similar surface morphology for composition coatings with 3-TCP-based RFMS upper
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coatings (Figure le-g). It should be noted that distinct dendritic crystallites cover the surface of
spherulites with HA upper coating (Figure 1b). We associate this crystallization effect with an intense
surface heating due to bombarding substrate by high-energy plasma particles during REMS of the
HA target.

Figure 1. SEM micrographs of PEO CaP subcoating (a) and PEO + RFMS HA (b), Sr-HA (c), Mg-HA (d),
B-TCP (e), Sr-B-TCP (f) and Mg-3-TCP (g) composite coatings.

An AFM study of thin REMS surface layer showed the relationship between surface structure and
composition of the sputtered target. We observed RFMS crystallites over the PEO spherulites surface
in the images of composite coatings (Figure 2b—g). Homogeneously distributed crystallites are clearly
visible in the images of PEO + HA (Figure 2(b2)) and PEO + Mg-HA (Figure 2(d2)). HA crystallites
are oval and have a 0.31 + 0.06 um? approximate area (Figure 2(b3)). Mg-HA crystallites are smaller
and near the quasi-equilibrium shape with an approximate area of 0.06 + 0.02 um? (Figure 2(d3)).
However, most of the composite coatings, including PEO + Sr-HA (Figure 2(c1-c3)), PEO + 3-TCP
(Figure 2(e1-€3)), PEO + Sr-B3-TCP (Figure 2(f1-£3)), and PEO + Mg-{3-TCP (Figure 2(g1-g3)), are formed
by HA-type crystallites. Presumably, Figure 2(c3,£3) shows initial PEO spherulites with no traces of
REMS crystallites.

3.2. Coating Phase Composition

In the XRD patterns of all composite coatings, we observed metallic substrate o-Ti characteristic
peaks at 20 = 35.24° (corresponding to 100 plane reflection), 38.39° (002), 40.29° (101), 63.24° (110),
74.52° (200), 76.47° (112) and 77.71° (201) (Figure 3). In the patterns of HA and Sr-HA RFMS coatings,
we observed sharp peaks in hydroxyapatite Cas(PO4)3(OH) at 26 = 25.85° (002), 31.77° (121), 32.18° (112),
32.91° (300), 34.05° (202), 46.69° (222) and 49.46° (213) (Figure 3a). We also identified less intense
hydroxyapatite peaks at 26 = 28.11° (102), 28.93° (210), 52.07° (402), 53.09° (141) and 70.79° (503).
Considering the absence of the reflection from the (211) plane, which is the strongest line of HA phase
and the width and sharpness of the observed peaks, we suggest that composite coatings” RFMS with
HA and Sr-HA are predominantly amorphous coatings, with the presence of the peaks in the HA
crystal phase.
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3.3. Coating Chemical Composition

Chemical composition of composite coatings is presented in Table 2. The compositions of coatings
correspond to the chemical composition of PEO electrolyte and RFMS targets and are generally represented
by Ca, P and O. Coatings” RFMS with Sr- and Mg-substituted targets contain Sr and Mg, respectively.

Table 2. Chemical composition of CaP composite coatings.

The Content of Elements in the Coating (at.%)

Sample
(0] Ca P Ti C Sr Mg Ca/P
PEO 61.5+ 0.6 6.0+03 176+02  37+03 114+14 - - 0.34 + 0.02
PEO+HA  549+08* 179+06* 147+05*% - 125+0.5 1.22 +0.06 *
PEO + 577 +18%* 171+05* 17.0 £ 0.5 - 77+28  05+0.04% - 1.01 +0.04 *
Sr-HA
PEO + 60.0 +2.0 134+ 04 174+ 0.6 - 79+29 - 1.3+03* 077 +£0.04*
Mg-HA
PEO + «t ot ot + ot
B-TCP 594+ 1.0 15.1 £ 0.1 16.2 + 0.4 - 93+14 - - 0.93 + 0.02
PEO + s T * Fas
Sr-p-TCP 583+25 132+0.8 19.0+1.3 - 9.0 +4.7 05+0.2 - 0.70 + 0.06
PEO + 628+05* 85+01* 183+03* - 74+12% - 29+04* 046 +0.01*
Mg-p-TCP 8+0. 5+0. 3+0. 4+1. 9+0. 46 + 0.

* significant differences with PEO (p < 0.05); ! significant differences between groups of the X-B-TCP and
X-HA coatings, where X is Mg or Sr (p < 0.05).

It should be noted that CaP PEO coatings are generally calcium-deficient and characterized
by Ca/P = 0.34 + 0.02. The RFMS upper coating increases the Ca/P ratio. The Ca/P ratio varies
in the following progression: PEO < PEO + Mg-3-TCP < PEO + Sr-B-TCP < PEO + Mg-HA <
PEO + 3-TCP < PEO + Sr-HA < PEO + HA. Moreover, for both HA and 3-TCP, the Ca/P ratio is greater
for Sr-substituted upper coatings compared with Mg-substituted coatings.

In the XPS spectra of PEO coating, we observed typical Ols, Ti2p, Ca2p, Cls, P2p and Auger’s
peaks corresponding to O KLL and Ca LMM (Figure 4). The Ti2p peak appears only in PEO CaP
coatings’ spectra at the following binding energy: Ti2p3/2 = 459.28 eV. Generally, this peak recognizes
O-Ti-O of TiO; [23]. In composite coatings’ spectra, Ti2p is not identified due to the RFMS thin
CaP upper coating. In the spectra of composite coatings sputtered with Sr- and Mg-substituted HA
and 3-TCP, we revealed the small peaks in Sr and Mg, respectively. The typical XPS spectra of Ca2p
and P2p core levels of the coatings are shown in Figure 5. The corresponding BE values of Ca2p3/2 and
P2p3/2 of the coatings are listed in Table 3. Generally, different CaP materials show peaks at similar
binding energies in the XPS spectra [24,25]. Peaks overlapping makes it difficult to distinguish different
CaP phases in composite material. Peaks at 347.46, 133.00 and 347.46, 133.00 eV in the spectra of
PEO + (3-TCP and PEO + Sr-f-TCP, respectively, correspond to Ca 2p3/2 and P 2p3/2 in Ca5(PO,4)(OH).
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This correlates with the XRD data. XPS analysis revealed the following relations for composite coatings

(Table 3):

PEO and PEO + Mg-3-TCP coatings show the highest P2p binding energy;
PEO + Mg-B-TCP and PEO+Mg-HA coatings show the highest Ca2p binding energy;
Binding energy increases by the following progression: PEO + Mg-p-TCP < PEO + Sr-f3-TCP <

PEO + 3-TCP and PEO + Mg-HA < PEO + Sr-HA < PEO + HA.
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Figure 4. The XPS survey spectra for the CaP PEO (black line on Figure 4a,b) and composite HA

(a) and B-TCP (b) REMS coatings.
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Figure 5. High-resolution XPS spectra of Ca 2p (a,b) and P 2p (c,d) core levels of composite CaP coatings.
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Table 3. Binding energy values of the Ca2p3/2 and P2p3/2 XPS peaks.

Coating Ca 2p3/2 (eV) P 2p3/2 (eV)
PEO 347.88 134.31
PEO + HA 347.46 133.00
PEO + Sr-HA 347.44 133.10
PEO + Mg-HA 347.92 133.43
PEO + B-TCP 347.59 133.80
PEO + Sr-3-TCP 347.87 134.07
PEO + Mg-3-TCP 347.97 134.31

3.4. Young’s Modulus

REMS CaP upper coating significantly enhances PEO + Mg-HA, PEO + Sr-HA and PEO + (3-TCP
Young’s modulus compared with the PEO subcoating (Table 4). It is important to note that the Young's
modulus of all coatings under study varies in the range 15-37 GPa, which corresponds with the
nanoindentation modulus of human bone [26].

Table 4. Young’s modulus of CaP PEO and composite coatings.

Coating Ert, GPa

PEO 154 + 3.8

PEO + HA 21.3+3.7
PEO + Sr-HA 36.6 951
PEO + Mg-HA 29.8 £ 6.8 *
PEO + B-TCP 25.6+58*

PEO + Sr-B-TCP 195+4.1

PEO + Mg-B-TCP 174 +3.2

* significant differences with PEO, p < 0.05; t significant differences between groups of the 3-TCP and X-3-TCP
coatings and HA and X-HA coatings, where X is Mg or Sr, p < 0.05.

4. Conclusions

Composite PEO+RFMS coatings were characterized by the multileveled roughness, increased Ca/P
ratio and Young’s modulus (PEO + Mg-HA, PEO + Sr-HA, PEO + (3-TCP). The upper RFMS CaP
coating forms a thin layer over the PEO sub-coating spherulites. The REMS of different CaP and
ion-substituted CaP provides various coating crystallinities and are potentially beneficial in adjustable
biodegradation and osseointegration. Moreover, the sputtering of ion-substituted CaP targets makes it
possible to introduce into the composition of the coatings elements that bone tissue growth-stimulating
(Mg) and suppress the resorptive activity of osteoclasts (Sr).
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