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Abstract – Physical and mechanical and techno-
logical aspects of the calcium-phosphate coating 
formation in plasma of micro-arc discharges on the 
titanium and zirconium surfaces were investigated. 
The influence of various current regimes of micro-
arc oxidation on thickness, mass, roughness and 
adhesion strength of coatings were researched. The 
microstructure was investigated by scanning elec-
tron microscopy. The optimal regimes of coating 
formation based on obtained results were sug-
gested. They allow us to form the porous coatings 
with necessary surface morphology and good adhe-
sion strength to the titanium and zirconium sub-
strates. Now a biological testing of formed coatings 
is carried out. 

1. Introduction 

One of the most important problems of medical mate-
rial science is the development of modification meth-
ods of implants surface to enhance the biological 
properties. At present, there is a set of methods to 
form calcium phosphate coatings on titanium surfaces, 
such as sol-gel technology, plasma spraying technol-
ogy, deposition from chemical or physical vapor, etc. 
[1]. Recently the micro-arc method attracts the atten-
tion of researchers as a potentially more convenient 
and effective technique of generation of the biocom-
posite coatings approximating to biomimetic material 
[2]. It was known that the bioactivity and osteoinduc-
tion and osteoconduction abilities are greatly im-
proved with the increase in biocoating thickness up to 
100 µm. At the same time the mechanical strength and 
adhesion to substrate are reduced. Therefore the for-
mation of biocoatings combining high bioactivity and 
adhesion strength is an important problem of medical 
material science. 

The paper presents the results of formation and 
comparative investigation of physical and mechanical 
properties of coatings based on calcium phosphate and 
formed in plasma of micro-arc discharges on the tita-
nium and zirconium surfaces.  

2. Experimental details 

Technically pure titanium (VT1-0 in Russia or Grade 
2 abroad) and zirconium alloyed with niobium (Zr, 
2.5 wt.% Nb) were chosen to prepare the investigation 
subjects. The sample size was 10 × 10 × 1 mm3. In 
order to form calcium-phosphate coatings on the tita-
nium and zirconium surfaces the technological com-
plex Micro-arc-3 was developed [3]. The complex 
contains the pulse power source, computer to control 
of deposition process, galvanic bath with water cool-
ing and electrodes. This complex is eqipped with a 
control and checking program of electro-physical 
process qualities as well as a built-in digital oscillo-
scope allowing to get certain relations during the 
process, such as the relation of a peak current on a 
process duration. 

The calcium-phosphate coatings were deposited 
from aqueous solutions of phosphoric acid with hy-
droxylapatite and calcium carbonate powders [3] in 
anode regime. The coating was formed under pulse 
mode under the following parameters: pulse time was 
100 μs; pulse frequency was 50 Hz; deposition time 
varied from 1 to 10 minutes, voltage varied from 150 
to 400 V. 

The surface morphology was examined by Scan-
ning Electron Microscope (SEM, Phillips SEM 515) 
in Research and Education Center “Physics and 
Chemistry of High-Energy Systems” of Tomsk State 
University. The surface roughness was defined with 
profilometre-296 on Ra. To measure the adhesion of 
coatings to the titanium two cylinders were glued to 
both sides of titanium plate with coatings by Loctite 
Hysol 9514 and then they were fixed in sample grips 
to be tested under tension. The force required to tear 
the cylinder off the calcium-phosphate coating was 
measured. The magnitude of adhesion was calculated 
with the relation: P = F/S, where F is the force re-
quired to tear the coating from titanium, S is the area 
of coating surface [4]. 
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3. Experimental results 

The typical dependences of the pulse current on depo-
sition time for different voltage of micro-arc oxidation 
of titanium and zirconium surfaces are presented in 
Fig. 1. It was established that the micro-plasma dis-
charges appearance on titanium surface begins at 
150 V. It can be seen that, first, the initial pulse cur-
rent amounts to 20 A and then it falls to zero in 1.5 
minute of micro-arc process. It indicates a dielectric 
coating on titanium surface (Fig. 1, a). In the case of 
zirconium surfaces the initial pulse current is 30 A and 
the time of coating deposition is 2 minutes (Fig. 1, b). 

 

 
a 
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Fig. 1. The dependences of the pulse current on deposition 
time for different voltage of micro-arc oxidation of tita-  
  nium (a) and zirconium (b) 

The increase in voltage of micro-arc oxidation to 
200–300 V leads to a rise in the initial pulse current 
up to 80–200 and 100–270 А and deposition time up 
to 10 and 5 minutes, respectively, for titanium and 
zirconium samples. The maximum currents equal to 
400 and 270 А, respectively, for titanium and zirco-
nium were reached at the voltage of 400 V (for tita-
nium) and 300 V (for zirconium). 

The pulse current of titanium is monotonically de-
creased to 90 A during the first 5 min, then it becomes 
almost constant (Fig. 1, a). In the case of zirconium 
the pulse current of titanium is reduced during over 
time of micro-arc process and then it falls down to 
25 A after 4 minute (Fig. 1, b). 

The SEM images of calcium-phosphate coatings 
deposited on titanium surface under different voltage 
of the micro-arc oxidation are presented in Fig. 2. It 
can be seen that the main components of structure are 
spherolytes which have pores. The porous structure is 
already formed at 150 V. It corresponds to the initial 
stage of spherolytes formation (Fig. 2, a). 
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Fig. 2. SEM images of calcium-phosphate coatings depos-
ited on titanium surface under different voltage of the micro- 
  arc oxidation: а – 150 V; b – 200 V; c – 400 V 

The increase in voltage of oxidation to 200 V leads 
to a completion of the structure element formation - 
spherolytes with pores (Fig. 2, b). The destruction of 
spherolytes (Fig. 2, c) is observed at a further increase 
in voltage to 400 V. It is connected with current den-
sity growth and transformation of the micro-arc dis-
charges in arc one. 

Figure 3 illustrates the SEM images of calcium-
phosphate coatings deposited on zirconium surface 
under different voltage of the micro-arc oxidation. The 
micro-arc oxidation starts at 150 V and “islands” of 
coating are partly formed (Fig. 3, a). With the increase 
in voltage of micro-arc oxidation to 200–250 V the 
structure of coatings on zirconium is very similar to 
those on titanium. However the spherolytes have a 
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smaller size and their distribution on surface is irregu-
lar (Fig. 3, b). The relief structure alternated by ridges 
and cavities is observed at a further increase in voltage 
up to 300 V (Fig. 3, c). 
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Fig. 3. SEM-images of calcium-phosphate coatings depos-
ited on zirconium surface under different voltage of the  
  micro-arc oxidation: а – 150 V; b – 200 V; c – 300 V 

The dependences of physical and mechanical char-
acteristics (thickness, mass, roughness, adhesion 
strength) of coatings on voltage of micro-arc oxidation 
for titanium and zirconium surfaces are presented in 
Fig. 4. One can observe an almost linear growth of 
coating thickness occurring at the increase in voltage 
of micro-arc oxidation in both titanium and zirconium. 

It is connected to the increase in current intensity 
on coating surface and as a consequence it leads to the 
thickness growth of the coating. 

Thus, the coating thickness increased from 5 to 
95 µm at the voltage of 150–300 V (Fig. 4, a). 

It was mentioned above that the transformation of 
the micro-arc discharges in arc one occurs at a further 
increase in voltage up to 400 V. It results in a consid-
erable growth of coating with the thickness exceeding 
100 micrometers.  
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Fig. 4. The dependences of coatings characteristics on volt-
age of micro-arc oxidation for titanium and zirconium sur-
faces: a – thickness; b – mass; c – roughness; d – adhesion 
  strength 
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The mass of coatings has a similar behavior. It in-
creases from 3.5 up to 43 mg и from 0.6 up to 23 mg 
on titanium and zirconium surfaces respectively at the 
voltage of 150–300 V. However a further increase in 
voltage up to 400 V causes a destruction of coating 
and a decrease in a mass of coatings up to 38 mg 
(Fig. 4, b). 

Figure 4, c illustrates the coating roughness on 
voltage of micro-arc oxidation. It increases from 1.9 
up to 6 µm in titanium samples. In the case of zirco-
nium a very quick raising of roughness from 0.5 µm 
up to 12 µm is observed. As described above it can be 
explained by a relief structure alternation of ridges and 
cavities. It is necessary to point that the coating 
roughness determines the success of osteointegration. 
It is known that the optimal range of roughness of 
biocoatings (2.5 μm < Ra < 5 μm, 5 class) promotes 
the stromal stem cells adhesion and then their differ-
entiation into bone tissue [5].  

Figure 4, d illustrates the adhesion strength of 
coating on voltage of micro-arc oxidation. Maximal 
adhesion strengths equal to 27 MPa for titanium and 
23 MPa for zirconium have coatings deposed at 150 V 
because they have a little thickness (5 µm). The in-
crease in voltage of micro-arc oxidation causes the 
adhesion strength to fall down to 3 MPa. 

Thus the investigation of electrical and physical 
parameters of micro-arc process on physical and me-
chanical properties of coating allows to find the opti-
mal voltage range of oxidation. It varies from 200 to 
250 V. This range ensures the coating formation with 
the following specified parameters: thickness is 
40÷70 µm, roughness is 2.5÷4.5 μm (Ra, 5 class) ad-
hesion strength is 20÷25 MPa. To improve the adhe-
sion strength of coatings to zirconium it is necessary 
to realize the preliminary preparation of surface by 
corundum particles sandblasting and subsequent 
chemical etching in acid solutions of hydrochloric and 
sulfuric acids. In the case of titanium the preliminary 
preparation allows to enhance the adhesion up to 
35 MPa [3, 6].  

Now a biological testing of formed coatings is car-
ried out. It allows to reveal the physical and mechani-
cal characteristics of coatings corresponding to the 
optimal biological properties. 

4. Conclusion 
Physical and mechanical and technological aspects of 
the calcium phosphate coating formation based in 

plasma of micro-arc discharges on the titanium and 
zirconium surfaces were investigated. 

The influence of various current regimes of micro-
arc oxidation on thickness, mass, roughness and adhe-
sion strength of coatings were researched. The optimal 
regimes of coating formation based on the obtained 
results were suggested. They allow to form the porous 
coatings with necessary surface morphology (rough-
ness) and good adhesion strength to the titanium and 
zirconium substrates.  

To improve the adhesion strength of coatings to 
zirconium it is necessary to realize the preliminary 
preparation of surface by corundum particles sand-
blasting and subsequent chemical etching in acid solu-
tions. 

Now a biological testing of formed coatings is car-
ried out. It allows to reveal the physical and mechani-
cal characteristics of coatings corresponding to the 
optimal biological properties. 
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