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Abstract – Physical and chemical (phase composi-
tion, Ca/P ratio, roughness, adhesion strength and 
corrosion resistance), tribological (wear and fric-
tion coefficient) and biological properties of micro-
arc calcium phosphate coatings on the nanostruc-
tuted titanium were investigated. The tribological 
test in unlubricated condition and in the 0.9% so-
dium chloride solution has shown that the biocom-
posite “nanostructured titanium – calcium phos-
phate coating” demonstrates high friction 
coefficient in tribocontact with ultrahighmolecular 
polyethylene and bone tissue. It allows us to elimi-
nate the microdisplacement under friction of im-
plants against bone tissue. It was shown that the 
samples with calcium phosphate coatings have 
more corrosion resistance in acid and salt medium 
as compared with those without coatings. It was 
shown by biological trials in vitro and in vivo that 
calcium-phosphate coating with optimal range of 
roughness promoted a differentiation of stromal 
stem elements into bone cells and formation of 
bone tissue. 

1. Introduction 

The surface modification of materials by microplasma 
method (also known as plasma electrolytic oxidation 
(PEO) and micro-arc oxidation (MAO)) is the ad-
vanced perspectives for the enhancement of tribologi-
cal and anticorrosive characteristics. Recently the mi-
cro-arc method attracts the attention of researchers as 
a potentially more convenient and effective technique 
of generation of biocomposite coatings with a high 
Ca/P ratio and a good adhesion to substrate. It gives 
the advantages for using micro-arc biocoatings on 
medical implants. In spite of the insufficient mechani-
cal characteristic the titanium is base materials used 
for production of medical implants because it has a 
good biocompatibility. 

Today many researchers give attention to the for-
mation and the study of nanostructured state in tita-
nium because it displays a new prospect for medical 
application. Now there are a lot of experimental data 

illustrating a great improvement of mechanical charac-
teristics such as tensile ultimate strength, tensile yield 
strength, fatigue strength, wear resistance, microhard-
ness and so on as a result of formation of nanostruc-
tured state by severe plastic deformation [1]. 

The paper presents the results of formation and in-
vestigation of physical and chemical, tribological and 
biological properties of calcium phosphate coatings in 
plasma of micro-arc discharges on the nanostructured 
titanium. 

2. Experimental details 

Technically pure titanium (VT1-0 in Russia or Grade 
1 abroad) was chosen to prepare the investigation sub-
jects. The method of severe plastic deformation was 
used to obtain titanium billets in nanostructured states. 
This method is an uniaxial abc-pressing in the press-
mold with the rolling in groove rollers [2]. Then the 
samples were cut from the billets to modify the sur-
face layer with micro-arc methods. 

In order to form calcium-phosphate coatings on the 
titanium surface the technological technique Micro-
Arc-3.0 was developed [3]. The aqueous solution of 
phosphoric acid with hydroxyapatite and calcium car-
bonate powders was used as electrolyte. The surface 
morphology was examined by Scanning Electron Mi-
croscope (SEM, Phillips SEM 515) and element com-
position was revealed by energy dispersion X-ray de-
tector (EDAX). Ca/P ration was calculated using the 
data of element analysis. To measure the adhesion of 
coatings to the titanium two cylinders were glued to 
both sides of samples with coating by Loctite Hysol 
9514 and they were fixed in grips to be tested under 
tension. 

The force required to tear the cylinder off the cal-
cium-phosphate coating was measured. The magni-
tude of adhesion was calculated with the relation  

P = F/S, 
where F is the force required to tear the coating from 
titanium, S is the area of coating surface. 

Tribological tests were carried out by using auto-
matized tribometer [4]. The speed of titanium speci-
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men movement was kept near 0.1 m/s. The tribologi-
cal testing was carried out with the initial pressure of 
1 MPa. 

The corrosion resistance in acid medium (0.1 М 
hydrochloric acid) and salt medium (Ca2+ – 246,  
Mg2+ – 648, Na+ 3.0, K+ – 2.53, HCO3

– – 81,  
SO4

2– – 1305, Cl– – 96263). 
To prove the biocompatibility of calcium-

phosphate coatings the biological tests was carried 
out. The osteogenesis processes were simulated in 
vitro by the interaction of stem cells with calcium-
phosphate coatings. The human fibroblast cell was 
applied on calcium-phosphate coating samples under 
aseptic condition. The samples dried out 5 days later 
and then they were stained by different ferments. The 
biological test modeling of osteogenesis processes in 
vivo was heterotopic osteogenesis [5]. This method 
consists of these steps. The bone marrow column was 
applied on calcium-phosphate coating samples under 
aseptic condition. The samples were introduced sub-
cutaneously into mice under ether-anesthesia. The 
implants were released in 45 days. Standard methods 
of light thin slices microscopy were used for histo-
logical analysis of tissue plates.  

3. Experimental results 

In order to form bioactive surface layers enhancing the 
properties of metallic substrate (titanium in nanostrac-
tured state), it was suggested depositing the calcium-
phosphate coatings in the plasma of microarc dis-
charges. The influence of electrophysical parameters 
of micro-arc process (voltage and current values, pulse 
period and, deposition time) and electrolyte composi-
tions on physical, chemical, mechanical and biological 
properties of coating has been investigated. It was 
shown that the electrolyte on the basis of aqueous so-
lution of orthophosphoric acid, hydroxyapatite and 
calcium carbonate allows to produce the porous cal-
cium-phosphate coatings with high biocompatability. 
The coatings structure is formed by layers and it con-
sists of thick oxide sublayer and upper porous layer, 
the basic component of which are spherolytes 
(Fig. 4, а). Directly after depositing the coating is in 
X-ray amorphous state (Fig. 4, c). Its interaction with 
a biological environment is characterized by a high 
speed of dissolution which indicates its bioactivity [5, 
6]. 

The connection between the high osseointegration 
and adhesion to substrate has been found. They are the 
following. Roughness is 2–6 μm, porosity is 20–35%, 
adhesion strength to the nanostructured titanium sur-
face is up to 35 MPa, atomic Са/Р ratio is 0.7. The 
high adhesion strength of coatings was achieved by 
preliminary preparation of a titanium surface by co-
rundum particles sandblasting and subsequent chemi-
cal etching in acid solutions of hydrochloric and sulfu-
ric acids. 

The modeling of osteogenesis processes in vitro by 
cellular culture allowed determining optimal range of 
surface roughness (Ra = 2.5–6.0 μm) that promoted a 

differentiation of stromal stem elements into bone 
cells. The positive staining of cell marker such as al-
kaline phosphatase, acid phosphatase and collagen is 
observed in the optical dark-field images. It testifies 
the differentiation of stem cells into bone cells (os-
teoblasts). 

 

 
a 

 
b 

 
c 

Fig. 4. Micro-arc calcium-phosphate coating produced in an 
electrolyte on the basis of orthophosphoric acid, hydroxya-
patite and calcium carbonate: a – SEM-image; b – energy- 
  dispersion X-ray spectrum; c – X-ray diffraction pattern 

The SEM studies have shown that osteoblasts are 
situated in cavities of coatings (Fig. 5). It should be 
pointed that the optimal relief with cavities was 
formed with sandblasting, chemical etching and depo-
sition of coatings. 

Further suitability of the coating was investigated 
by biological trials in vivo. Histological analysis of the 
tissues following 1.5 month of implantation of the 
specimens under the skin of mice revealed no inflam-
matory reaction. It has been shown that calcium-
phosphate coatings, with Ra in the range of 2.5–
6.0 µm, induces 100% growth of new tissue, with new 
bone growth present in 80% of the cases. Formation of 
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adipose tissue, connective tissue and marrow sites was 
observed in the other cases. Thus the biological tests 
have proved that the formation of calcium-phosphate 
coating on implant surface gives it bioactive and os-
teogenic properties  

 

 
Fig. 5. SEM-image of osteoblasts situated in cavities of  
  calcium-phosphate coating 

The comparative investigation of corrosion resis-
tance in acid and salt medium was carried out. The 
nanostructured titanium has the maximal corrosion in 
acid medium which characterized by surface pitting. 
In the same time the surface smoothing occurs in 
coarse-grained titanium. In the case of calcium-
phosphate coating a little corrosion characterized by 
lamellar structure formation is observed. The mass 
change of sample is less than 1%. 

It was shown that the coarse-grained titanium is 
subjected to a higher corrosion in salt medium as 
compared with the nanostructured one. It is character-
ized by the secondary salts formation and their deposi-
tion on the surface. It was established that the corro-
sion behavior of the coarse-grained titanium occurs 
according to logarithmic distribution reaching the 
saturation zone to 300 hour. In the same time the cor-
rosion of the nanostructured titanium with both cal-
cium phosphate coatings and without those have linear 
subjection.  

Thus it was established that the samples with cal-
cium phosphate coatings have more corrosion resis-
tance in acid and salt medium as compared with those 
without coatings. 

 

 
Fig. 6. The dependence of mass change on the time of inter-
action in salt medium: 1 – the nanostructured titanium sam-
ples; 2 – coarse-grained titanium samples: 3 – the nanostruc- 
  tured titanium with calcium-phosphate coating samples 

During the introduction of biocomposites in a liv-
ing organism on the boundary “implant-bone” there is 
a probability of microdisplacements which can lead to 
the friction processes [6]. The behavior of the bio-
composite on the basis of nanostructured titanium and 
calcium-phosphate coating under the dry friction con-
dition and in biological fluid (0.9% sodium chloride 
solution) has been studied. The ultrahighmolecular 
polyethylene samples were used as a conterface as 
they are the most suitable to the strength properties of 
a bone (ultimate strength is 35–50 MPa). Moreover 
the bone tissue samples were also used. 

Tribological tests of the nanostructured titanium 
without a coating against ultrahighmolecular polyeth-
ylene and bone tissue have shown a high wear resis-
tance both under the dry friction condition and in 
0.9% sodium chloride solution. Wear was not regis-
tered during the tests and a small friction coefficient 
µ = 0.09–0.15 was observed (Fig. 7). 

 

 
Fig. 7. The dependence of the friction coefficient on the 
friction path for the nanostructured titanium samples: 1 – 
dry friction, counterface – ultrahighmolecular polyethylene; 
2 – friction in 0.9% sodium chloride solution, counterface – 
ultrahighmolecular polyethylene; 3 – dry friction, counter-
face – bone tissue; 4 – friction in 0.9% sodium chloride 
  solution, counterface – bone tissue 

At the same time the tribotesting of calcium-
phosphate coatings against ultrahighmolecular poly-
ethylene under the dry friction conditions have shown 
an invariably high friction coefficient within the range 
of 0.35–0.4 during all the tests. However the wear rate 
of a coating was small and it was equal to 0.001 mg/m 
(Fig. 8). 

The longevity of the calcium-phosphate coatings 
in the 0.9% sodium chloride solution was smaller in 
comparison with the tribological tests without a lubri-
cant. The wear rate was 0.002 mg/m and the friction 
coefficient was up to 0.4–0.5. It is connected to the 
simultaneous dissolution of a coating in the solution. 
At using a bone tissue as a counterface the friction 
coefficient is raised up to 0.8–0.9 (Fig. 8). 

Thus, a calcium-phosphate coating stimulates not 
only an osseointegration, but also, as the tribological 
tests have testified, an infallible fixation of an implant 
due to a high friction coefficient. 

0 20 40 60 80 100 

0.05

0.10

0.15

0.20
Friction coefficient 

Friction path, m 

 1 
 2 
 3 
 4 

Ti

0 100 200 300 400 500 
0.00 

0.05 

0.10 

0.15 

0.20 
Δm, mg

Time, h 

1 

2 

3 



Beam and Plasma Nanoscience and Nanotechnology 

716 

 
a 

 
Fig. 8. The dependence of a mass wear (a) and a friction 
coefficient (b) on the friction path for the nanostructured 
titanium samples with a calcium-phosphate coating: 1 – dry 
friction, counterface – ultrahighmolecular polyethylene; 2 – 
friction in physiologic solution, counterface – ultrahigh-
molecular polyethylene; 3 – dry friction, counterface – ul-
trahighmolecular polyethylene – bone tissue; 4 – friction in 
0.9% sodium chloride solution, counterface – bone tissue 
 

4. Conclusion 

The optimal characteristics of the micro-arc coatings 
connecting the high osseointegration and adhesion to 
substrate have been found. They are the following. 
Roughness is 2–6 μm, porosity is 20–35%, adhesion 
strength to the nanostructured titanium surface is up to 
35 MPa and atomic Са/Р ratio is 0.7. 

The tribological testing demonstrates a high fric-
tion coefficient of 0.4–1.0 during the frictional interac-
tion with a ultrahighmolecular polyethylene and a 
bone tissue. It allows us to avoid the displacements 
during the friction of the implant against a bone tissue 
thus intensifying its fixation.  

It was shown that the samples with calcium phos-
phate coatings have more corrosion resistance in acid 
and salt medium as compared with those without coat-
ings.  

The modeling of osteogenesis processes in vitro by 
cellular culture allowed determining optimal range of 
surface roughness that promoted a differentiation of 
stromal stem elements into bone marrow cells.  

It has been shown by biological trials in vivo that 
calcium phosphate coating with optimal range of sur-
face roughness (Ra = 2.5–6.0 micrometers) promoted 
to a bone tissue forming with probability up to 80% in 
heterotopic osteogenesis test 
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