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Abstract. In this study, the combination of titanium dioxide (TiO2) and/or hydroxyapatite (HA) coatings on Ti6Al7Nb
titanium alloy to be used as an implant was performed in different solution retention times by the sol–gel dip-coating
method and the characterization and optical properties of these coatings were investigated. Two different coatings were
made on the substrate, the first group of samples was first coated with TiO2 and then with HA, while the second group of
samples was coated with TiO2 alone. Before sol–gel coating, the samples were rinsed in distilled water and dried at 200C
for 2 h. The samples were immersed perpendicular to the coating solution. Thin films were obtained at a draw rate of 2
mm s-1. Microstructure investigations of the prepared coatings were examined under optical and scanning electron
microscopes, while solid-state elemental fractions were determined by energy-dispersive X-ray spectroscopy analysis.
Fourier-transform infrared spectroscopy analysis was performed to determine the functional groups placed on the surface
of the material. The optical properties of the material were determined by UV analysis.
Keywords.

1.

Sol–gel; TiO2; HA; Ti6Al7Nb; microstructure; optical properties.

Introduction

Surface coating is a process of coating the main material
surface with another substance with different characteristics
and chemical composition to obtain a new surface layer. It
is applied to improve physical, chemical and mechanical
features, such as viscosity, wettability, optical properties,
corrosion, impact, wear, scratch resistance, etc. The sol–gel
method, which is one of the coating methods, has a substantial place in practice. The sol–gel method is preferred
compared to other coating methods due to its some
advantages, such as to prepare homogenous and pure films
in low heat, to homogenously coat materials with complex
geometric shapes, to easily control the microstructure of the
coated film and to obtain films with low refractive index
because of the porous structure [1–3].
In the studies related to the sol–gel method, researchers
generally have examined the surface morphology,
microstructure, optical properties, hardness, wear, adhesion
and corrosion properties of the coated layer [4–15]. The
hardness values of the coating have increased with increase
in both the sintering temperature and the titanium dioxide
(TiO2) concentration in the coating layer. However, it has
been observed that the heating ramp rate of the sintering
was not affecting the hardness values so much. Investigations have been indicated that the doping of hydroxyapatite
(HA) with TiO2 improved the physical consistency between

the coating layer and the substrates, and provided a better
inter-particle bonding due to the existence of TiO2 phases in
the HA [16–20]. Some investigations have displayed that
the composite HA/TiO2 film can be considered as a
potential thin-film favourable for hard tissue application, as
it possesses an advanced crystallization and a homogeneous
nano-scale structure with outstanding wear and corrosion
properties [21]. While HA films have shown a better wear
resistance compared to TiO2, TiO2 films have shown a good
wear resistance under lower load than higher load. The
superior friction reduction and wear resistance of HA films
have greatly attributed to the slight plastic deformation of
the film [22].
The sol–gel method has also been used to make oxide
thin films for solar photovoltaic applications at a low price.
The effects of production parameters on the photocatalytic
properties of TiO2-coated films have been investigated by
the sol–gel method [3,23–27]. The electrical conductivity,
physical and chemical properties of TiO2 thin films fabricated on glass substrates have been measured at different
temperatures, and the results have been compared with
theoretical results. As a result of this comparison, TiO2 thin
films have shown photocatalytic properties [28]. Also, by
adding different ratios of cobalt salt to the TiO2 solution,
when the electrical and optical properties of the samples
coated with this sol have been observed, the cobalt additive
has improved the photovoltaic properties of TiO2 thin films
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[27]. Besides, TiO2 and HA coatings fabricated by the sol–
gel method on titanium alloys, stainless steels used in
dentistry and orthopedic surgery have been examined and
tested in vitro to identify their electrochemical properties,
bioactive reactions [16,29–32]. In vivo implantation experiments have been performed to observe osseointegration of
the coated implants. The coatings have promoted the
development of newly formed bone around the implant in
both the remodeling site and the bone marrow [32,33].
Studies on such biocoatings have shown that sol–gel protective coatings containing bioactive particles are more
corrosion resistant than uncoated substrates to protect
metallic materials. Researchers have stated that the metallic
ions of the substrates cannot pass over the coating and that
the coatings can reduce the release of metallic ions and their
detrimental effects on human body tissues [29–32,34,35].
Also, they have explained that ions or metal particles in the
surrounding tissues are not found to be harmful and that the
coating increases the formation and growth of new bone
both in contact with the old bone (reshaped area) and
around the implant in the bone marrow (in contact with the
new bone) [31,33]. Sol–gel is a potential method being
applied to implant materials for wear protection according
to proper process designs. The single HA film and the dual
TiO2–HA film have been suggested for biomedical applications for wear protection [16,22]. Some researchers have
reported that HA coating on TiO2 nanotube by the sol–gel
process has an effect on the viability of osteoblasts like cell
and bone formation, and both TiO2 nanotube and HAcoated TiO2 nanotube groups showed enhanced
hydrophilicity compared to pure titanium [36]. Results of
studies have shown that HA and TiO2 combination coatings
fabricated using the sol–gel process could be used to
enhance hydrophilicity and improve osseointegration of
dental implant surface [17,36–38].
In the sol–gel process, the production parameters were
found to have significant effects on the properties of the
product obtained. Therefore, it is seen in the literature that
although very close experimental conditions are used, the
final products with quite different characteristics are
obtained. Since this makes it impossible to draw a clear path
or make predictions in the sol–gel method, it is necessary to
analyse each step in detail and develop a process specific to
the properties of the desired product [39]. In this study, the
microstructure characterization and optical properties of the
coatings that were combined with TiO2 and HA on
Ti6Al7Nb titanium alloy by the sol–gel dip-coating method
have been investigated.

2.

Materials and methods

In this study, Ti6Al7Nb titanium alloy plates used as base
fitting material were cut to 25 9 25 9 4 mm dimensions
using metallographic sample cutting device. The chemical
composition of the base fitting Ti6Al7Nb used is shown in
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table 1, and the physical and mechanical properties are
shown in table 2. Before the coating, the surface of the base
fitting material to be coated was cleaned with 180-240-400600-800-1000 and 1200 mesh abrasives, respectively. It was
then polished with a 3 lm diamond paste. The polished
samples were washed with distilled water followed by
alcohol and dried at room temperature.
In this study, Ti6Al7Nb alloy was used as base material
and TiO2 and HA were used as coating materials. TiO2
solution, HA solution and NaOH solutions were prepared
for use in the sol–gel coatings.
To prepare the NaOH solution, 3 g NaOH, 0.1 mmol HCl
and 50 ml of purified water was used and prepared by
stirring in a magnetic stirrer. To prepare a TiO2 solution, 1
mmol titanium (IV) isopropoxide (C12H28O4Ti), 1 mmol
diethanolamine (C4H11N2), 1 mmol purified water and
26.5 mmol ethanol (C2H5OH) were stirred for 60 min in
magnetic stirrer. The combination was kept at room temperature for 24 h and TiO2 sol–gel was obtained. To obtain
the HA solution, 0.10 M calcium nitrate tetrahydrate
(Ca(NO3)24H2O) was dissolved in the ethanol–water
mixture. Then, 0.06 M ammonium phosphate ((NH4)2
HPO4) solution was prepared and was added to the solution
of calcium nitrate tetrahydrate. The pH was obtained as 8.
The final solution was stirred at room temperature for 24 h
to obtain HA sol–gel.
Two different coatings were made on the substrate, the first
group of samples (group A) were first coated with TiO2 and
then with HA, while the second group of samples (group B)
were coated with TiO2 alone. Before the sol–gel coating, the
samples were rinsed in distilled water and dried at 200C for 2
h. The samples were immersed perpendicular to the coating
solution. After all the samples were immersed in the TiO2 sol–
gel solution, A1–B1 samples were kept for 30 min; A2–B2
samples for 60 min and A3–B3 samples for 120 min with
dipping method, they were drawn with 2 mm s-1 of drawing
speed and TiO2 film coatings were obtained. The resulting
coatings were dried for 30 min at room temperature and also
for 30 min at 80C in a Nüve brand MF120 muffle furnace.
The dried samples were then calcined in the same oven at a
temperature rise rate of 10C min-1 for 10 min at 400C. A
group of TiO2-coated samples was then dipped again into the
HA sol–gel using the sol–gel dip-coating method for 10 min
and HA films were obtained at a draw rate of 2 mm s-1.
To investigate the surface morphology of coating surfaces, Nikon MA 100 reverse metal microscope and Clemex
image analysis system were used for optical microscopy.
For scanning electron microscope (SEM) analysis, images
were taken from the surfaces and cross-sections of the
samples using ZEISS EVO MA 10 SEM. Energy-dispersive
X-ray spectroscopy (EDX) analysis was performed for the
coating layer with the SEM device. By EDX analysis, solid
elemental percentages were determined in the coating.
To determine the functional groups placed on the material surface, Fourier transform infrared (FTIR) analysis was
undertaken. FTIR tests and measurements were made using
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Table 1.
Al
5.5–6.5

Table 2.
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Chemical composition of Ti6Al7Nb.
Nb

Ta

Fe

N2

O2

C

H2

Ti

6.5–7.5

\0.50

\0.25

\0.05

\0.20

\0.08

\0.009

Balance

Physical and mechanical properties of Ti6Al7Nb.

Properties

Value

Tensile strength (MPa)
Yield strength (MPa)
% Elongation
% Constriction
Elasticity module (GPa)
Density (g cm-3)

1000
900
12
35
5
4.52

Nicolet iS5 Thermo Scientific brand FTIR spectrometer
with ATR measurement head and between 550 and 4000
cm-1 wavelengths at 4 cm-1 resolution.
The optical properties of the material were determined by
UV analysis. Reflectance measurements were performed by
UV spectroscopy to obtain information about the surface
roughness of the coating. For UV analysis, Shimadzu UV3600 UV–VIS–NIR spectrometer in the wavelength range
of 200–3300 nm was used.

3.
3.1
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Results and discussion
Microstructure examinations

Figure 1 shows the SEM images of A1, A2 and A3 samples.
In figure 1, grey areas represent TiO2 coatings, light areas
represent HA coatings, and dark black areas represent
Ti6Al7Nb base material without coating. The EDX analysis
of these areas is shown in figure 2. When the SEM images
in figure 1 were examined, it was seen that the coatings did
not grow completely and did not cover the base in the
samples immersed in the TiO2 solution for 30 min and then
in the HA solution for 10 min. Under these conditions, the
dipping period was determined to be insufficient. When the
content of the coating is examined, it is seen that the amount
of TiO2 in the coating is higher than that of HA and that the
HA has just started to adhere (figure 1-A1). By increasing
the immersion time, it was observed that the content of the
coating attached to the Ti6Al7Nb base material was changed, and new small coating areas were also attached to the
base. It was seen that the amount of HA in the coating
increased, and now more HA was formed in the coating
(figure 1-A2). By increasing the coating time to 120 min, it
was seen that the coating mostly covered the base, and the

amount of TiO2 in the coating formed the majority of the
coating and the HA in the coating started to distribute
homogeneously (figure 1-A3). During the coating process,
the TiO2 coating layer was first formed on the base material,
which was dipped into the sol–gel, then HA was formed. It
was observed that the amount of TiO2 increased with
increase in coating time and TiO2 and HA grains were
distributed homogeneously for all three coatings in the
coating layer. There was no significant change in the HA
amount in the HA coatings after different TiO2 holding
times. This is because variable holding times are not used
for HA coatings, and the coating is performed using fixed
holding times.
When the SEM image and EDX analysis results in figure 2 are examined, the white areas show HA areas and the
honeycomb-shaped light grey areas show TiO2 areas. From
EDX analysis in figure 2, it is seen that Ca/P represents the
chemical content of HA in the P1 and P2 areas and TiO2 in
the EDX analysis of P3. HA is a form of calcium phosphate.
Calcium phosphate can be classified as groups of specific
Ca/P ratios. The Ca/P ratio of HA is 1.68. In HA coatings, it
was seen that HAs were formed as rods on the surface.
Similar images of sample A2 in figure 2 were also observed
in the samples A1 and A3. The morphological roughness of
the HA observed in the SEM analysis is very important for
bone-producing cells to preferentially use these areas. Such
morphology of the sintering surface will positively affect
the accumulation of nucleations in the formation of boneproducing cells. HA shaped in rods facilitate osseointegration [7,40].
B-group samples were coated with TiO2 only for 30, 60
and 120 min periods using the sol–gel dipping method.
When the SEM microstructure images of the B-group
samples, in figure 3, were examined, it was seen that the
presence of TiO2 increased as the coating time increased.
During the dipping time of the sol–gel solution at 30 min
(sample B1), it was seen that the TiO2 layer started to form
in some areas on the base, but the coating solution was
unable to adhere to the entire surface of the base because
the dipping time was short (figure 3-B1). In the SEM
images of the B2 samples, where the immersion time was
selected as 60 min, TiO2 coating areas on the base surface
were found to be higher. By increasing the dipping time to
60 min, the amount of TiO2 attached to the base surface
increased, thus taking up more space than the B1 samples.
However, it was found that Ti6Al7Nb was not sufficient to
completely cover the base surface. However, the amount of
TiO2 adsorbed to the surface and the resulting TiO2
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SEM images of the samples coated with first TiO2 and

Figure 2. EDX analysis of different areas of the sample (A2)
coated with first TiO2 and then HA for 60 min.

nucleation occurred more than B1. In SEM images of B3
samples, where the dipping time was increased to 120 min,
the whole surface of the Ti6Al7Nb base material was
homogeneously coated with TiO2 (figure 3-B3). In the
experiments performed with TiO2 sol–gel dip coating, it
was concluded that the holding time of 120 min was more
suitable for the growth of the gel than 30 and 60 min. The

TiO2 coating layer was found to be greatly affected by the
immersion time. All the coatings were observed to be free
of cracks.
It was observed that TiO2 nanoparticles in coatings were
highly crystallized and the TiO2 network structure formed
with TiO2 crystallized particles formed on the surface of the
samples (figure 4). The rough and porous morphology of

Figure 1.
then HA.
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Figure 4.
30 min.
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SEM image of the sample (B1) coated with TiO2 for

prevents the passage of metal ions to the tissue over time.
Thus, due to the passage of metal ions into the tissue, both
the metallic biomaterial will not weaken in terms of strength
and there will be no degradation and toxic effects in the
tissue.

3.2

Figure 3.

SEM images of the samples coated with TiO2.

the coating surface facilitates the accumulation of nucleations and osseointegration of bone in the formation of
bone-producing cells [40]. The TiO2 layer formed on the
surface is very important for metallic biomaterials to be
used as implants or dental prostheses. Because this layer
formed on the surface will interrupt the contact between
metal biomaterial and tissue and will act as a barrier that

FITR results

FTIR spectral analysis was widely used to estimate the
formation of functional groups in the TiO2 and/or HA
coatings prepared. Characteristic absorption of non-sintered
and sintered samples differs from the relative density of the
peaks and the number of peaks decreases, concerning the
sintering temperature [41].
FTIR spectral analysis of B-group samples obtained by
coating Ti6Al7Nb samples with TiO2 only is shown in
figure 5. TiO2 formation in the sample of TiO2 coated and
sintered B2 for 60 min was confirmed by vibration peaks
observed at 2926, 1641–1558 and 1157 cm-1 [41–43]. The
graphs in figure 5 show FTIR spectrum analysis of B1 and
B3 samples, peaks close to the peak values representing
TiO2 were obtained. In the B-group samples coated with
TiO2, a vibration band in the range of 500–700 cm-1 was
observed. This band corresponds to the O–Ti–O vibration
band. A peak of 400–600 cm-1, particularly 668 cm-1,
relates to the Ti anatase phase as Ti–O and Ti–O [44].
When the FTIR spectra in figure 6 were examined, the
same peaks were also observed in the A-group samples
coated with TiO2 and then coated with HA. The band at
1729 cm-1 can be associated with the residual nitrate group
originating from the synthesis precursors [19,45,46]. The
bands detected at around 1641 and 3500–4000 cm-1 are
related to the vibrational modes of the hydroxyl group
[19,47,48]. The stretching mode of C–H bands at 2926
cm-1 was detected for all the samples [46]. In addition to
these peaks, the characteristic bands of phosphate and
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Figure 5. FTIR analysis of the samples coated with TiO2.

Figure 6. FTIR analysis of the samples coated with first TiO2
and then HA.

hydroxyl and carbonate groups were detected from the
FTIR spectra of the as-prepared samples (figure 6) [46,47].
The vibration bands at 553, 740 and 944 cm-1 correspond
to the phosphate peak [19,20,46,49]. The bands at 520–670
cm-1 and 976–1160 cm-1 ranges correspond to vibration

modes of phosphate ion [19,45,47]. In the synthesized HA,
the carbonate substitution happens through the dissolution
and interaction of the atmospheric CO2 with HA. The
vibration bands at around 2300 cm-1 correspond to vibration modes of carbonate ion [45]. The carbonate can easily
replace hydroxide and phosphate ions at 1500–1558 cm-1
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Figure 7. UV reflectance spectra of the samples coated with first
TiO2 and then HA.
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Figure 8.
TiO2.
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UV reflectance spectra of the samples coated with
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and 1420–1470 cm-1, respectively, to form carbonated HA.
The linkage of carbonate ion to the HA structure is a general
phenomenon in the biological apatite formation in the
human body [19,45].

3.3

UV results

The information about the surface roughness was obtained
by reflectance measurements. There is more reflection on a
shiny surface. A higher reflection means less roughness and
more reflection of light. Referring to the reflectance spectra
of figures 7 and 8, multiple peaks were observed. This
shows that the surface roughness has a different
distribution.
When the reflectance spectra of the A-group samples
obtained by coating the Ti6Al7Nb substrate with TiO2 and
then with HA were examined, the maximum reflection peak
value increased when the coating time was increased from
30 to 60 min, and the reflection peak decreased by
increasing the coating time to 120 min (figure 7). The
highest peak in the A1 sample was 18.55%, 21.42% in the
A2 sample and 20.85% in the A3 sample.
When the reflectance spectra of the B-group samples
obtained by coating the Ti6Al7Nb backing material (figure 8) with TiO2 alone, the intensity of the peaks decreased
in the samples with increased coating time. The highest
peak in the B1 sample was obtained at 16.67%, in the B2
sample 15.69% and B3 sample 12.89%. The close values of
peak intensities B1 and B2 indicate that the roughness of the
coating surface in these samples is similar to each other.
The highest peak value of all samples was observed in
A-group samples. The maximum reflection in the A2 sample was 21.42%. In the case of A-group, i.e., double-coated
(TiO2 ? HA) samples, we can express the reason for the
increase in the leaching rate with increasing time with the
positive effect of secondary coated HA on reflection,
although the rough TiO2 reflection on the surface decreases.
The reflectance spectra were changed when HA was coated
on the TiO2 surface, indicating an interaction between TiO2
and HA. Due to this inverse effect, reflection first increased
and then decreased (figure 7). In B-group samples, the
reason for the reflection to decrease with increasing dwell
time can be explained by the rough structure formed by the
TiO2 mesh structure attached to the substrate surface by
increasing the dipping time. In other words, the rough
structure observed in B-group samples adversely affects
reflection (figure 8).
4.

Conclusion

In this
applied
coating
optical

study, TiO2 and HA combination coatings were
to Ti6Al7Nb titanium alloy by the sol–gel dipmethod, and microstructure characterization and
properties of the obtained coatings were
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investigated. As a result of the study, the following conclusions were obtained:
• In the A-group samples coated with TiO2 ? HA,
more coating material was attached to the Ti6Al7Nb
base material by increasing the dipping time. It was
seen that the amount of TiO2 increased with the
increase of coating time and both the TiO2 coating
and the HA coated on it were distributed homogeneously. There was no significant change in the
amount of HA in the fixed-time HA coatings after the
different TiO2 retention times, as the coating time did
not change.
• In the B-group samples coated with TiO2 alone, the
presence of TiO2 on the surface increased as the
coating time increased.
• It was observed that all the coatings were free of
cracks and the surface of the coating was flawless.
• TiO2 nanoparticles in the coatings were highly
crystallized and the TiO2 network structure was
formed with TiO2 crystallized particles formed on the
surface of the samples. In HA coatings, it was seen
that HAs were formed as rods on the surface. When
the produced coating materials are used as biomaterials, it is very important for the bone-producing cells
to preferentially use these regions, because both the
TiO2 and HA structure are morphologically rough.
The rough and porous morphology of the coating
surface facilitates the accumulation of nucleations
and osseointegration of bone in the formation of
bone-producing cells. At the same time, this layer
formed on the surface will interrupt the contact
between the metal biomaterial and tissue and will act
as a barrier that prevents the passage of metal ions to
the tissue over time. Thus, due to the transition of
metal ions to the tissue, both the metallic biomaterial
will not weaken in terms of strength and deformation
and toxic effects will not occur in the tissue.
• From the FTIR spectral analyses, an O–Ti–O vibration band representing TiO2 formation was observed
in the B-group samples. Ti–O and Ti–O as the Ti
anatase phase. Vibration bands corresponding to
phosphate (P) and calcium (Ca) peaks were observed
in A-group samples. In some samples, vibration
bands corresponding to the free water peak due to the
humidity in the environment were detected.
• From UV measurements, it was found that reflection
decreased with increasing dwell time in B-group
samples. This can be explained by the porous
structure formed by the TiO2 network structure
attached to the substrate surface by increasing the
immersion time. In other words, the porous structure
observed in B-group samples adversely affects the
reflection. In the A-group samples, it was determined
that with the increase of coating time, first the
reflection peak increased and then the reflection peak
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value decreased. In the A-group samples with double
coating, it was seen that HA had a positive effect on
reflection while reducing the porosity of TiO2 due to
the TiO2 ? HA film pair. This indicates an interaction between TiO2 and HA.
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