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Abstract—Calcium-phosphate (CaP) coatings were formed via 
combining methods of microarc oxidation (MAO) and 
radiofrequency magnetron sputtering (RFMS). SEM, XPS, XRD 
and nanoindentation methods were used to study physico-chemical 
and mechanical properties of the coatings. It was revealed that the 
upper CaP layer changes the morphology of the coatings at the 
microscale and increases the Ca/P ratio of biphasic coatings. 

Keywords—micro–arc oxidation, RF-magnetron sputtering, 
calcium phosphate, coatings 

I. INTRODUCTION  
Usually, one technology/method is used to form 

biocompatible CaP coatings on the surface of medical implants. 

Recently, however, there has been a tendency to form such 
coatings using several techniques that combine their 
advantages, which makes it possible to obtain coatings with 
improved properties. 

Among the methods for the formation of calcium phosphate 
coatings, which are being successfully developed for clinical 
use, two technologies can be distinguished: microarc oxidation 
(MAO) and radiofrequency magnetron sputtering (RFMS). 
MAO is the simplest and most economical way of forming 
coatings with high open porosity [1]. However, in most cases, 
coatings formed using this method are calcium deficient [2], 
which does not allow stimulating successful early 
osseointegration enough effectively. In turn, coatings formed by 
the RFMS method have a high Ca/P ratio. This method is 
universal not only in terms of the substrate material, but also the 

target used for sputtering, which gives it greater variability 
compared to other methods [3]. 

The combination of the coatings deposition methods, 
namely, the deposition of thin CaP layer by RFMS on the 
surface of MAO-coatings, allows combining their advantages, 
avoiding the disadvantages, and forming coatings with the 
requirement properties. 

II. MATERIALS AND METHODS 
Composite coatings were formed on titanium substrates 

with a diameter of 10 mm and a thickness of 2 mm. Preparation 
of the samples surface before deposition 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 HN: HF: H2O = 1: 2.5: 2.5, at temperature of 
15-20 ºC for 10-15 seconds, followed by neutralization in a 1% 
aqueous solution of sodium hydroxide and repeated washing 
with distilled water. The formation of CaP coatings by the MAO 
method using the setup developed in National Research Tomsk 
Polytechnic university was carried out in a saturated solution of 
CaO in 10% H3PO4 with the addition of hydroxyapatite with a 
dispersion phase with a particle size of up to 70 m. The coating 
was formed at voltage of 320 V with a voltage rise rate of 3 V/s, 
with a pulse repetition rate of 200 Hz and a pulse duration of 
100 s for 15 minutes. The process carried out at a temperature 
of 15 °C. After coating formation, the samples were washed in 
distilled water and dried in an oven at a temperature of 120 °C 
for 30 minutes. 

The deposition of the upper layer was carried out by 
sputtering of the powder targets of the following composition: 
pure -tricalcium phosphate ( -TCP), pure hydroxyapatite 
(HA), Mg-substituted -tricalcium phosphate and Mg-
substituted hydroxyapatite (Mg- -TCP, Mg-HA,  Mg 
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substitutions concentration was 1.53±0.01 wt.%), Sr-substituted 
-tricalcium phosphate and Sr-substituted hydroxyapatite (Sr-
-TCP, Sr-HA, Sr substitutions concentration was 3.39±0.09 

wt.%). 

Powder targets used to form CaP coatings by the RFMS 
were placed in hexagonal crucible with an area of 230 cm2 and 
a depth of 0.6 cm. The volume of the sputtered powder was 
constant in all cases and was approximately 138 cm3. 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 surfaces was 40 mm. The power 
density was approximately 4.8 W/cm2. The deposition time of 
coatings formed by RF-sputtering of targets based on HA was 
7 hours, and for coatings based on -TCP it was 21 hours. 

III. RESULTS AND DISCUSSION  
The formed composite coatings consist of two layers: the 

lower thick layer formed using the MAO and the upper thin 
layer formed by the RFMS. The thickness of each layer of the 
composite coatings is presented in Table I. As can be seen from 
the analysis of the data that the deposition rate of the upper CaP 
layer strongly depends on the material of the sputtered target 
and ionic substitutions. Thus, the coatings formed by sputtering 
of -TCP-based targets has a lower deposition rate compared to 
the coatings formed by sputtering of HA-based ones. K. Ozeki 
et. all in [4] observed a clear correlation between the deposition 
rate of the coatings and their solubility. It was shown that the 
more soluble the respective target material was, the higher the 
deposition rate of the formed coatings. Thus, less soluble 
hydroxyapatite was characterized by a lower deposition rate 
than more soluble -TCP. However, in the present work, we 
observed the opposite trend. 

The addition of Sr to the composition of the sputtered -TCP 
target increases its deposition rate, and, conversely, Mg 
substitution contributes to a slight decrease in it. The different 
deposition rates of the coatings are due to the influence of 
magnesium and strontium substitutions on the crystal structure 
of the -TCP powder targets. Theoretical calculations [5] 
showed that strontium substitutions lead to an increase in the 
volume of the unit cell, which causes an increase in the 
deposition rates of the Sr- -TCP target. The decrease in the unit 
cell volume caused by magnesium substitutions, on the 
contrary, leads to a slight decrease in the deposition rate of the 
Mg- -TCP target. 

TABLE I. THE THICKNESSES OF THE STUDIED COATINGS. 

Sample The thickness of 
the MAO- 

coating, m 

The thickness 
of the upper 
coating, m 

MAO 35±1.7 – 
+ -TCP 35±1.5 0.7±0.1 

+Mg- -TCP 35±1.5 0.6±0.1 
+Sr- -TCP 36±1.5 1.0±0.1 

+HA 36±1.0 2.4±0.1 
+Mg-HA 34±0.5 1.1±0.1 
+Sr-HA 36±1.0 1.3±0.1 

 
In the case of sputtering targets of Sr- and Mg-substituted 

HA, both substitutions lead to a decrease in the deposition rate. 
A decrease in the deposition rate of the HA target upon the 
addition of Sr was also observed by Boyd in [6].  

SEM revealed that the initial surface is smooth with shallow 
polishing marks oriented in the same direction (Fig. 1a). 

The surface of CaP coatings formed by a combination of two 
methods of MAO and RFMS is the same at the macro level and 
is represented by structural elements of a spheroidal shape 
(spherulites) with through pores (Fig. 1). The size of spherulites 
varies from 7 to 20 microns. Spherulites are destroyed and 
fragmented during the formation of CaP coatings, due to the 
action of high-temperature microplasma discharges, and 
microcracks are formed (Fig. 1d). Dendrite crystallites are 
observed along the edges of the spherulites (Fig. 1c) on the 
samples with composite coatings formed by the MAO method 
with the subsequent deposition of a thinner layer using an RF-
sputtering of the target from HA. The formation of crystallites 
is apparently due to the high temperature in the vacuum 
chamber. AFM studies have shown that, at the micro level, the 
coating structure is quasi-equiaxed grains with an area of 5 m2 
(Fig. 1a). The deposition of a thin CaP layer formed by 
sputtering of the target from HA onto the MAO surface results 
in the formation of smaller rounded crystallites with an area of 
0.3 to 0.5 m2. The upper layer of composite coatings formed 
by sputtering of the Mg-HA target consists of equiaxed grains 
with an area of 0.1-0.2 m2 located on the surface of the initial 
elements of the MAO coating (Fig. 1c). Sputtering of the Sr-HA 
target onto the surface of the MAO coating leads to the 
formation of elongated grains whose size is from 1 to 2.5 m2 
(Fig. 1d). 

 
Fig. 1. SEM images of composite coatings formed on the surface of titanium 
substrates (a) using the MAO method (b) and a combination of the MAO and 
RFMS of the targets from HA (c), Sr-HA (d), Mg-HA (e), TCP (f), Sr- -TCP 
(g), and Mg- -TCP (h). 

The formed layer obtained by sputtering of the -TCP target 
is an elongated grain with an area of 0.3 to 0.5 m2 laid in layers 
on the surface of the MAO coating, repeating its original relief. 
Quasi-equal-shaped grains with an area of 1.7 m2 are visible 
on the surface of coatings formed by a combination of the MAO 
methods and RF magnetron sputtering of a target from Mg- -
TCP. Grains of a similar shape and a smaller area (1 m2) are 
marked on the surface of the coatings whose upper layer is 
formed by sputtering of the target from Sr- -TCP. Such 
developed morphology of the surface of all obtained CaP 
coatings has a high osteoinduction, enhances proliferation and 
mechanical adhesion between the implant biomaterial and 
natural bone, ensuring the mechanical stability of the implant 
[7, 8].  
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Table II presents the elemental composition of CaP coatings 
of the studied samples. The presence of aluminum is due to the 
composition of the Ti-6Al-4V substrate. The composition of the 
coatings corresponds to the composition of the CaP electrolyte 
and sputtered targets and is represented by the following 
elements Ca, P, O. In the case of the formation of the upper layer 
by sputtering of Sr- and Mg-substituted targets from HA and 
TCP, Sr and Mg elements are present in the coatings (Table II).  

It should be noted that coatings formed by the MAO method 
are calcium-deficient and characterized by the ratio Ca/P = 0.33. 

Deposition of the upper layer using RFMS leads to an increase 
in the Ca/P ratio of the coatings under study. In this case, the 
Ca/P ratio of CaP coatings formed by sputtering of the Sr- and 
Mg-substituted targets is lower compared to coatings formed by 
sputtering of the pure HA and the -TCP targets. In addition, it 
can also be seen from Table II that, when sputtering Sr and Mg-
substituted targets, the amount of Mg in the coatings is higher 
than Sr. Apparently, this is due to the fact that not all sputtered 
Sr atoms reach the substrate due to their larger atomic mass (88) 
compared to Mg (24). 

TABLE II. THE ELEMENTAL COMPOSITION OF THE STUDIED CAP COATINGS OBTAINED BY THE XPS METHOD 

Sample The content of elements in the coating (at.%) 
O Ca P Ti C Sr Mg a/P 

MAO 61.45±0.64 5.95±0.34 17.59±0.19 3.65±0.30 11.36±1.43 - - 0.33 
MAO+HA 54.88±0.84* 17.94±0.60* 14.65±0.50* - 12.54±0.48 - - 1.22 

MAO+Sr-HA 57.67±1.84* 17.11±0.48* 17.01±0.49 - 7.69±2.77 0.52±0.04* - 1.00 
MAO+Mg-HA 59.96±1.99 13.38±0.44* 17.44±0.62 - 7.88±2.91 - 1.34±0.28* 0.76 
MAO+ -TCP 59.35±0.97*† 15.13±0.10*† 16.24±0.35*† - 9.28±1.37† - - 0.93 

MAO+Sr- -TCP 58.29±2.53 13.23±0.81*† 19.00±1.29*† - 9.03±4.67 0.45±0.06* - 0.69 
MAO+Mg- -TCP 62.81±0.49*† 8.52±0.08*† 18.34±0.31* - 7.43±1.19* - 2.89±0.37*† 0.46 

* significant differences with MAO (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). 

 

XRD analysis showed that the coatings under study are 
completely amorphous, except for coatings formed by a 
combination of MAO methods and RF-sputtering of the HA 
and the Sr-HA targets. There are peaks of the crystalline HA 
phase on the X-ray diffraction patterns of these coatings. 

The study of the mechanical properties of the coatings 
found that the value of the elastic modulus of CaP coatings 
formed by the MAO method is lower compared with the 
composite ones (Table III). 

TABLE III. THE MODULUS OF ELASTICITY OF THE CAP COATINGS UNDER 
STUDY. 

Coating EIT, GPa 
MAO 15.4 ± 3.8 
HA 21.3 ± 3.7 

Mg-HA 29.8 ± 6.8 
Sr-HA 36.6 ± 9.5 

-TCP 25.6 ± 5.8 
Mg- -TCP 17.4 ± 3.2 
Sr- -TCP 19.5 ± 4.1 

All the obtained CaP coatings have a lower elastic 
modulus close to the value of the elastic modulus of the 
human bone (13.7 GPa) [9] in comparison with the implants 
without coatings made from pure Ti (138.2 GPa). The use of 
such composite coatings will provide better mechanical 
compatibility with bone due to a greater reduction in intrinsic 
residual stresses in the implantation zone [10]. 

IV. DISCUSSION 
The physicochemical and the mechanical properties of 

biphasic CaP coatings formed using hybrid technology are 
investigated. 

It was found that the deposition of the upper calcium 
phosphate layer by RFMS occurs at different rates depending 

on the composition of the sputtered target. It was revealed that 
the deposition rate is affected by ionic substitutions in the 
composition of the sputtered target. The deposition of the thin 
CaP layer by the RFMS method on the surface of the MAO-
coatings changes their morphology at the micro level, while 
no changes were revealed at the macro level. Coatings formed 
using the hybrid technology are characterized by a higher 
Ca/P ratio. The studied coatings are amorphous. The elastic 
modulus of composite coatings exceeds the corresponding 
value of the MAO-coatings. 
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