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The objective of this work was to use a sol-gel method to prepare bioactive coatings containing calcium and phosphate 
ions under various coating conditions on a non-porous titanium substrate. Titania sol based on tetra-n-butyl-orthotitanate 
was prepared by direct dissolution of reagents and from stock ethanol solutions. The titanium substrate was grinded and 
coatings were prepared on the surface using a dip-coating technique under different coating conditions which are critical for 
preparation of sol-gel coatings. The conditions, which included the coating speed, chosen reagents and other experimental 
conditions, were selected based on previous experiments. The coating process was followed by drying for various periods 
of time and firing of the coated substrates. Bioactivity of the fired coatings was tested with a static in vitro test in simulated 
body fluid. After the firing and after the in vitro test the coatings were characterized with an optical microscope and with a 
scanning electron microscope. After the firing all types of coatings were made up of white circle areas of diverse morphology. 
After the in vitro test all types of the coatings contained a new Ca-P nuclei and white Ca-P phases of diverse morphology and 
size. The most continual precipitated Ca-P phases were detected on a sample prepared at the dipping and withdrawal speed 
of 20 cm∙min-1 with the dwell time of 30 s.

INTRODUCTION

 Titanium and its alloys have been widely used in 
biomedicine applications. They meet strict biological, 
mechanical, as well as chemical requirements. Their cha- 
racteristic features include good ductility, malleability, 
mechanical and chemical resistance, biocompatibility 
and resistance to corrosion thanks to a thin native layer 
of titanium dioxide [1, 2]. With regard to the above 
described desirable properties they are most frequently 
used as a replacement of hard tissues, i.e. as bone, joint 
and dental implants [3]. The sol-gel method has been 
given more attention in recent years thanks to a wide 
range of its possible applications. It has a great potential 
in preparation of thin coatings, it allows variable 
composition of initial sols, morphology and control of 
functions of the resulting coating. The method permits 
to enrich existing properties of the inert titanium 
substrate with new features [4, 5].
 Selection of a suitable method to apply the sol on 
the substrate depends on many critical parameters, 
particularly on its composition, viscosity, ageing and 
conditions of sol preparation, type of the substrate, 
its porosity, shape, required thickness of the coating, 
requirements for the technological procedure and, last 
but not least, its price [6]. The three most frequently 
used methods to apply coatings used for research and 

industrial purposes are spin-coating [7], spray-coa-
ting [8] and dip-coating [9]. Each of the methods has 
its advantages and disadvantages. The dip-coating tech- 
nique is based on dipping of a substrate into a sol at 
a given temperature, speed and humidity or stirring. 
It is an inexpensive and fast technique for preparation 
of coatings on substrates of various shapes and sizes 
[10, 11]. When using the right reagents and appropriate 
coating conditions the resulting coats are homogenous, 
with a specific thickness, bioactive ability [12], excellent 
adhesion [13] and other properties. A key role is played 
by the coating conditions which may influence thickness 
of the coating, its homogeneity and functional properties. 
Coating thickness could be controlled by the withdrawal 
speed: high withdrawal speed means a thicker coat and 
low withdrawal speed means a thinner coating. Another 
option is multiple dipping which produces a thicker 
multilayer coating [4].
 Bioactivity in vitro can be estimated based on the 
ability of the material to create apatite on the substrate 
surface and most frequently it is tested in simulated body 
fluid in accordance with the standard ISO 23317:2014 
[14]. Hydroxyapatite is a bioactive ceramic material 
that has been widely used as a replacement of hard 
tissues thanks to its similarity to mineral composition of 
natural bones, although it is too brittle. Therefore, a new 
trend has appeared in preparation of bioactive coatings 
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that support osteoconduction of metallic implants [15]. 
In order to achieve the desired bioactive properties the 
resulting sol was prepared from stock ethanol solutions 
of calcium nitrate tetrahydrate and triethylphosphate 
that were subsequently added in the basic titania sol so 
that the resulting ratio Ca/P is 1.67. This is the ratio of 
calcium and phosphorus detected in the bone apatite 
and thus it has been used to simulate the human body 
environment as close as possible [16].  
 The objective of the work was to optimize and to 
find the most appropriate conditions for development of 
coatings created from titania sol and containing calcium 
and phosphate ions by the dip-coating technique. At 
the same, we have tested potential bioactivity of the 
prepared coatings with an in vitro test in simulated body 
fluid and subsequently we selected the best coatings for 
further testing.

EXPERIMENTAL

Substrate

 Samples used for coating were made of titanium 
sheet (Grade 2), sized 30 × 10 × 1 mm, gradually grinded 
with abrasive papers with SiC grit size P400, P600, 
P800. The grinding was necessary to remove impurities 
from the surface, to make the surface uniform and to 
achieve the same roughness on all samples. Another 
necessary step was to clean the samples with ultrasonic 
bath, by immersing them for 10 minutes in acetone and 
for 10 minutes in ethanol. The prepared samples were 
then dried at room temperature.

Preparation of the sols

 The basic titania sol was prepared by mixing of 
Triton X-100, 1 mol∙l-1 nitric acid, acetylacetonate and 
tetra-n-butyl-orthotitanate. In the first group the basic 
titania sol was used to directly dissolve triethyl phosphate 

and calcium nitrate tetrahydrate. For the second group 
we first prepared ethanol solutions of trietylphosphate 
and calcium nitrate tetrahydrate with the concentration 
of 2 mol∙l-1. The titania sol and the ethanol solutions 
were homogenized for 24 hours at room temperature. 
Subsequently, the ethanol solutions were added to 
the basic titanium sol to achieve the resulting ratio of 
Ca/P = 1.67 and the sol (TCaP) was then homogenized 
for 24 hours.

Dip-coating conditions

 The coating was applied by using dip-coating tech-
nique with stirring (in order to achieve homogeneity in 
the entire sol volume) at room temperature. The dip-
ping speed was the same throughout the whole test du-
ration (v1 = 20 cm∙min-1), the dwell time ranged from 1 to 
30 s and the withdrawal speed was v2 = 10 - 30 cm∙min-1. 
Table 1 shows selected conditions for formation of coa-
tings in the second group TCaP 1, TCaP 2, TCaP 3, 
TCaP 4, TCaP 5. The drying times of the coatings from 
the first group ranged from 15 minutes to 2 hours at 
room temperature. Coatings from the second group was 
performed with the drying time of 15 minutes. All coated 
substrates were fired up to 400 °C for 2 hours with the 
temperature increase of 2 °C∙min-1. The samples were 
fired in the air atmosphere and spontaneously cooled 
down in the oven until the following day. 

Conditions of in vitro test

 Bioactivity, i.e. the ability to form apatite on the 
finally selected coated substrates after firing, was tested 
using an in vitro test in simulated body fluid (SBF) 
in accordance with the standard ISO 23317:2014. The 
si-mulated body fluid was prepared by gradual dissolu- 
tion of reagents at the constant temperature of 36.5 ± 
± 1.5 °C with continual stirring. Table 2 shows concen-
tration of ions in SBF in comparison with concentration 
of ions in human blood plasma (BP). Two samples with 
the same type of coating were immersed into plastic 
bottle with SBF. The resulting ratio of the surface 
of the tested sample and the SBF volume was 0.1 as 
required by the standard (S/V). The samples were left 
in a thermostat at 36.5 °C for 30 days. Then they were 
removed from simulated body fluid, washed three times 
in demineralized water and left to dry in the air at room 
temperature. The samples were subsequently charac-
terized with an optical microscope and with a scanning 
electron microscope. 

Table 1.  Conditions of final coatings formation.

Coating
 v1 Dwell time v2

 (cm∙min-1) (s) (cm∙min-1)

TCaP 1 20 1 30
TCaP 2 20 10 30
TCaP 3 20 30 30
TCaP 4 20 30 10
TCaP 5 20 30 20

Table 2.  Concentration of ions in simulated body fluid (SBF) and in human blood plasma (BP) [12].

Solution             Concentration of ions (mmol∙dm-3)
 Na+ K+ Mg2+ Ca2+ Cl– HCO3

– HPO4
2- SO4

2-

BP 142.0 5.0 1.5 2.5 103.0 27.0 1.0 0.5
SBF 142.0 5.0 1.5 2.5 147.8 4.2 1.0 0.5
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Characterization of substrate and coatings

Optical microscopy and scanning
electron microscopy
with EDS analysis

 The surface of the substrate after mechanical treat-
ment and all types of coatings after firing were charac-
terized with optical microscope BX-50 (Olympus). The 
surface of the substrate after mechanical treatment, all 
types of coatings after firing and, subsequently, also 
after the static in vitro test were characterized with the 
scanning electron microscope (SEM) Hitachi S-4700 
using the accelerating voltage 15 kV with the EDS ana- 
lyzer Thompson Scientific Ultradry Silicon Drift Detec-
tor. The samples were covered with a layer of Au/Pd. 

RESULTS AND DISCUSSION

 Mechanical treatment of the substrate was perfor-
med to clean the surface and to make it rough so that 
the coating can better adhere on it. Figure 1 shows a 
homogeneous surface of the titanium substrate without 
impurities, with a clearly visible relief after grinding. 
 The treated substrate was covered with a titania sol 
enriched with Ca and P (in order to acquire bioactive 
properties). The first group was enriched with Ca and P 
by direct dissolving of reagents and the second group was 
prepared from stock ethanol solutions under different 
coating conditions. The objective of the experimental 
work was to find the most suitable coating conditions 
to produce homogeneous and bioactive coatings. 
Coatings in the first group, after drying and firing, were 
inhomogeneous, they were cracking and peeling off. 
Those coatings were not used for further testing.
 Figures 2a-e provide SEM images of coatings from 
the second group after the firing. The coatings are not 
completely homogeneous and their thickness is not the 
same on the entire surface. All coatings were made up of 
white circle areas evenly distributed all over the surface. 

The particles of calcium confirmed by the EDS analysis 
were detected inside this circles. There is a visible 
dark area surrounding the white calcium particles (an 
integral coating) containing phosphate ions (according 
to the EDS analysis).
 In the coating TCaP 2 (Figure 2b) the white circle 
areas containing calcium are less separated than in the 
coating TCaP 1 (Figure 2a). The interfaces between 
these individual white circles are in this case more 

Figure 1.  Surface of the titanium substrate after mechanical 
treatment.

c) TCaP 3

b) TCaP 2

a) TCaP 1

Figure 2.  Surface of the second group of coatings on titanium 
substrate after the firing (SEM). (Continue on next page)
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distinct. The white bordered circle areas in the TCaP 3 
coating image (Figure 2c), with a dark relief inside, 
have a dark map around the surface and they are not 
more separated from circles in their proximity. White 
particles of calcium visible in the image of the TCaP 4 
coating (Figure 2d) have a clear relief and they are not 
more isolated from other circles in their proximity. The 
last type TCaP 5 (Figure 2e) is similar to the TCaP 3 
coating, however, with a less distinct border and less 
cracking.
 Figures 3a-e show SEM images of coatings after the 
static in vitro test of bioactivity. It is obvious that typical 
globules of apatite nano-plates did not precipitate on 
surfaces of coatings from the second group. However, in 
all types of coatings a zone of a new white Ca–P phases 
of diverse morphology were detected, which have been 
confirmed by the EDS analysis. 
 The TCaP 1 coating (Figure 3a) contained small Ca–P 
nuclei and Ca–P precipitates. The new Ca-P nuclei pre- 
cipitate from white circle areas in the coating. These 
Ca–P nuclei created white Ca–P precipitates sized up 
to 10 µm. The EDS analysis has confirmed an increa- 
sed representation of Ca and P. The image of the TCaP 2 
coating (Figure 3b) shows that a new Ca–P nuclei 

of different sizes has evenly developed on the entire 
surface and they spread further on the surface (most 
likely one of apatite precursors). It develops in the 
places of white circle areas and inside them, and 
also on the integral coatings and in many locations it 
covers cracks in the coating. The image of the TCaP 3 
coating (Figure 3c) shows cracks surrounding the 
individual white areas. The inside of the circle areas is 
fairly disintegrated. New small Ca–P nuclei and Ca–P 

e) TCaP 5

d) TCaP 4

Figure 2.  Surface of the second group of coatings on titanium 
substrate after the firing (SEM).

c) TCaP 3

b) TCaP 2

a) TCaP 1

Figure 3.  Surface of the second group of coatings after in vitro 
test (SEM). (Continue on next page)
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precipitates are randomly situated on the coating. The 
quantity of the newly pre-cipitated phases was the lowest 
in comparison with the other coatings (as confirmed 
by the EDS analysis). The newly created Ca–P nuclei 
and Ca–P clusters could be seen in the TCaP 4 coating 
(Figure 3d). They were detected evenly all over the 
surface while they primarily developed in the white 
circle areas with Ca particles and completely covered 
them. Further, the circle areas in the coating surface 
were completely covered with the new precipitated 
Ca–P clusters. The TCaP 4 coating practically does 
not contain any cracks. The EDS analysis clearly 
indicates that those Ca–P clusters contain calcium 
and phosphorus. Figure 3e (TCaP 5) shows a newly 
developed phase, again probably a pre-phase of apatite 
according to the EDS analysis that confirmed existence 
of Ca and P elements. The newly precipitated phase is 
also shaped to Ca–P clusters (sized up to several tens 
of µm). These Ca–P clusters precipitate inside white 
circles areas and cover a large area of the coating and 
small isolated cracks, as well as circle areas. 

CONCLUSIONS

 Different conditions were used to prepare titania 
sols and subsequently titania coatings. Coatings from 
the first group, prepared by direct dissolution of rea-
gents, were excluded from further testing due to their 
unsatisfactory final properties. Selected titania so-gel 
coatings, containing calcium and phosphate ions and pre- 
pared by dip-coating technique under different coating 
conditions, were after their firing made up of white circle 
areas. The individual coating types visually differed 
from one another. Based on the SEM images the best 
coating due to homogeneity was TCaP 5. 
 The in vitro test did not confirm formation of pre-
cipitated crystalline apatite on the coating surface. 
However, places with a new created Ca–P phases with 
different morphology were detected on all types of 
coatings in this experiment. The highest quantity of pre-
cipitated Ca–P phases was found on the sample TCaP 5 
and therefore the coating has been evaluated as the most 
suitable for further experimental measurements. 
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