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Abstract. Calcium phosphates (Ca-P) based bioceramics have proved to be alluring ma-
terials for biomedical applications. Among them, hydroxyapatite (HA), Ca10(PO4)6(OH)2,
is the most frequently used bioceramic. Due to its favorable properties and biocompatibility,
HA-coated Ti6Al4V alloy has become one of the most interesting implant materials for
orthopedic and dental applications. High-Velocity Oxy Fuel (HVOF) is a method employed
to coat metallic implants such as titanium (Ti) and its alloy (Ti6Al4V) with hydroxyapatite
(HA). In this study, decreasing the crack occurrence and increasing adhesion strength were
investigated. For this purpose, nano sized HA, alumina (Al2O3) doped HA, and Boron oxide
(B2O3) doped HA powders were produced by sol-gel process. First, a series of HA/Al2O3,
HA/B2O3 coatings were deposited on Ti6Al4V substrate by HVOF method. Powders were
tested by Fourier-Transform Infrared (FTIR) and X-Ray Di�raction (XRD). Morphology
of specimens was characterized by Scanning Electron Microscopy (SEM-EDX). Adhesion
strength of specimens was found to be a�ected by increase in the amounts of Al2O3 and
B2O3 in HA. Furthermore, water contact angles of surface were decreased with increase in
the amounts of Al2O3 and B2O3 in HA. This coating surface was expected to combine the
advantages of Ca-P application and improve adhesion strength.
© 2019 Sharif University of Technology. All rights reserved.

1. Introduction

Biomaterials are described as natural or synthetic
materials that are used in human body and materials
to evaluate, support, or replace any tissue or organ [1].
They can be classi�ed into the traditional categories of
metals, ceramics, polymers, and composites. Metallic
biomaterials like Co-Cr-Mo alloys, 316L stainless steel,
and Ti and Ti alloys have found application in ortho-
pedics [2-4].

The success of biomaterials depends on physical
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and mechanical properties as well as biocompatibility.
Biocompatibility is a term that describes acceptance
of implant by the surrounding tissue and organ. It
is the chemical and/or physical interaction between
materials and body 
uids, and determines how much
the physiological consequences of this interaction are
damaging to the body. The biocompatibility of a
material is identi�ed by means of in vivo and/or in
vitro tests. In vitro tests, to mimic the environment in
which it will have to survive, the material is exposed
to Simulated Body Fluids (SBFs) [5].

CaPs, in particular hydroxyapatite (HA), are
often used in the coating of metals to o�er the bio-
compatibility and mechanical strength of both types
of materials. The thickness of HA coating is very
important [6,7]. Teng et al. studied Sr-substituted
hydroxyapatite (Sr-HA) coatings on Ti metal. They
found out that bioactivity of the Sr-HA coatings was
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signi�cantly better than that of uncoated Titanium [8].
Furko et al. created multi-element modi�ed HA bioce-
ramics coating on Ti6Al4V by Ag, Zn, Mg, Sr ions [9].
Kitsugi et al. stated that mechanical properties
and biocompatibility of the B2O3 modi�ed Apatite-
Wollastonite (A-W) were comparable with those of A-
W ceramics [10]. Park showed the e�ect of the amount
of Al2O3 in A-W on bone bonding strength [11]. Afzal
et al. concluded that HA- Al2O3-YSZ was produced
by spark plasma sintering [12]. Evcin et al. identi�ed
the e�ect of ZrO2 and Al2O3 in HA bioceramics on
mechanical properties [13]. B2O3 is a 
uxing agent
at high temperature because of its low melting point
(450�C); it is used to decrease sintering temperature for
ceramics. Harabi et al. studied the addition of B2O3
to dental ceramics. They observed that addition of 3
and 5 wt.% B2O3 decreased the sintering temperature
by 25�C and 50�C, respectively [14]. Wu et al.
produced hydroxyapatite/Al2O3 on titanium using a
multi-step technique. They found out that HA/Al2O3
coating on Ti improved both adhesive strength and
biocompatibility [15].

While many metals and their alloys meet many
biomechanical requirements of orthopedic implants,
their biocompatibility is lower than that of ceramic
biomaterials. For this reason, calcium phosphates, such
as HA, have been used as coating on metallic implants.
The methods of HA coating for biomedical applications
are given in Table 1.

HVOF coating is a thermal spray coating method
used in production of metallic coating [1]. HVOF is
a high-energy thermal spray process. This method
produces dense and strong coatings and gives perfect
performance in aggressive, wear, and corrosive envi-
ronments [32]. Evcin and Bohur showed the e�ect of
silica in HA on chemical structure and morphological
properties [33]. Melero et al. studied plasma sprayed
HA coatings for biomedical purposes. They obtained
composite coatings by HVOF spray [34]. The 
ame
can be supplied by using acetylene, hydrogen, natural
gas, or hydrocarbon fuels. HVOF is a process with
high performance, low cost, and acceptable coating-
substrate adhesion. Figure 1 shows the fundamentals
of HVOF method. Heating source is the fuel and the
powder is carried through carrier gases [35,36].

In the present study, nano-size HA powders with
Al2O3 and B2O3 as additives were prepared. Then,
HVOF method was used to coat Ti6Al4V substrates
with HA; our aim was to investigate the presence
manner of Al2O3 and B2O3 in the HA and their e�ects
on mechanical surface properties and biocompatibility.

2. Materials and method

To synthesize powders chemically, analytic-grade
Ca(NO3)2, (NH4)2HPO4, NH4OH, Al(OC3H7)3, IPA,

Figure 1. Schematic diagram of the HVOF coating
process.

Figure 2. Al2O3 production by sol-gel method.

and B(OC3H7)3 were used as precursors. All chemicals
were purchased from Merck and used as received.
Ti6Al4V was used as metallic implant for coating.
First, Al2O3 and B2O3 were synthesized by sol-gel
process (Figures 2 and 3). Al2O3 and B2O3 doped
HA powders were also prepared in the same route with
the ratios of 1, 2, and 3 wt% (Figure 4).

The FTIR spectra of Al2O3 and B2O3 doped
hydroxyapatite were studied by means of Perkin-Elmer
460 Spectrums BXI spectrometer. Crystal structures of
pure HA, and Al2O3 and B2O3 doped HA powders were
analysed by XRD (Bruker D 8 Advance) using Cu-K�
X-rays at the wavelength of 1.5406 �A (2� range: 20-
90�, step size: 0:1972�). Scratch test was performed by
using a Rockwell C diamond indenter. The indenter
was spherical (200 �m radius). It was slid over the
metallic surface and the load changed from 0.05 to 30 N
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Table 1. Comparison of di�erent methods for HA coating.

Technique Thickness
(�m)

Advantages Disadvantages Reference

Thermal spray 30-200

Higher density

Higher hardness

Low price

Possibility of Automation

Over-spray

High consumption of material

amorphous structure

[16]

Sputter coating 0.5-3
Uniform thickness

Dense coating

Better adhesion

Line-of-sight process

Slow deposition rate

Amorphous structure

[17]

Electron-beam
deposition

1
Uniform thickness

High deposition rate

Line-of-sight process

Non-uniform evaporation rate

Amorphous structure

[18]

Dip coating 50-500

Simultaneous coating

of top and bottom

Inexpensive

No waste of material

Coating of both surfaces

Big volume, much solution

Not applicable to prismatic

and cubic shapes

[19]

Electrophoretic
deposition

0.1-2.0
Uniform thickness

High deposition rates

Complex substrates

High sintering temperatures

Crack-defects
[20]

Hot isostatic
pressing

0.2-2.0

Improving mechanical

and physical properties

Near net shape

Full density

Expensive

High temperature

Cycle times can be slow

[21]

Biomimetic
coating

< 30

Safety

Simplicity

Applicability to a large

variety of materials

Weak adhesion

Resorbability

The use of high temperature

[22]

Pulsed laser
deposition

� 0:05-10

Large variety of material

Good adhesion

Controlling the

stoichiometric ratio

Small target size

Expensive

High substrate temperature

Defects in the substrate surface

[23]

Dynamic mixing
Sol-gel

0.05-1.3 High adhesive strength Amorphous structure [24]

< 1

Less energy consumption

Better homogeneity

Low cost

Very thin �lms

Cost of precursors

Shrinkage

Di�culty in avoiding

residual porosity

and OH groups

[25]
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Table 1. Comparison of di�erent methods for HA coating (continued).

Technique Thickness
(�m)

Advantages Disadvantages Reference

Ion
beam-assisted

deposition
� 0:03-4

Inexpensive
Dense pore-free coating
Microstructure control
High surface quality
Dense smooth �lms

Line-of-sight process
Amorphous structure

[26]

Powder Plasma
Spray (PPS)

� 30-300

Higher quality coatings
Many types of substrate
material
Micro-rough surface and
porosity

High temperature
Rapid cooling produces
crack
Non-uniform thickness
Very expensive
Poor control of
biodegragation

[27]

Liquid plasma
spray (LPS)

and Suspension
Plasma spray (SPS)

� 5-50

High density
True composition
Very �ne porosity
Microstructure control

Line-of-sight process
Expensive
High temperature
Non-uniform thickness

[28]

RF magnetron
sputtering

� 0:04-3.5

Better �lm quality
Deposition of a wide
variety of materials
Operating at low pressures
Uniform thickness

Line-of-sight process
Expensive power supply
Non-uniform thickness
Very low deposition rate

[29]

Electrochemical
deposition

< 95

Low processing temperature
Complex shape coating
Control of thickness of the
coating
Good composition
Microstructure control

Costly
Time-consuming

[30]

Plasma Electrolytic
Oxidation (PEO)

or micro arc
oxidation

< 100

Corrosion resistance
Good mechanical properties
Oxidation resistance
Thermal resistance

Al, Mg, and Ti and
their alloys

[31]

at a speed of 29.95 N/mm according to standard testing
methods.

Thickness of coating layer was obtained from the
cross-sectional images using a scanning electron micro-
scope (LEO 1430 VP). Surface roughness of the coating
surfaces was identi�ed in a contact mode by using a
surface pro�lometer (Mitutoyo Surftest SJ-210). Each
sample was measured 5 times at selected locations and

an average surface roughness was measured. Contact
angle measurements with SBF solution were performed
using KSV Attention Theta Lite Tensiometer.

Coating with pure and Al2O3/B2O3 doped HAs
was carried out through HVOF process at Kuantamet
Limited, Ankara, Turkey. Ti6Al4V alloy (ASTM F-
1472) was used as the substrate material (Figure 5). All
specimens to be coated were grit blasted with alumina
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Figure 3. B2O3 production by sol-gel method.

Figure 4. Flow chart of the sol-gel procedure and HVOF
coating.

Figure 5. HVOF coating of samples and coated Ti6Al4V
implants.

Figure 6. FTIR spectra of pure and doped HA: (a) Pure
HA, (b) 1% Al2O3, (c) 2% Al2O3, (d) 3% Al2O3, (e) 1%
B2O3, (f) 2% B2O3, and (g) 3% B2O3.

Table 2. HVOF parameters.

HVOF parameter Setting

Coating distance (mm) 250

Coating time (sn) 20-30

Propan gas pressure (bar) 1

Oxygen gas pressure (bar) 2.3

Coating temperature (�C) 2000

(60-80 �m) at 0.44 MPa. Speci�cations of HVOF
coating are given below in Table 2.

3. Result and discussion

The infrared spectrum (Figure 6) shows all kinds of
characteristic peaks for pure and doped hydroxyap-
atites. Figure 6 shows the PO3�

4 bands at 1100, 1040,
960, 600, and 560 cm�1 [37]. This demonstrates that
all specimens have retained the HA structure. FTIR
analysis was performed to prove the functional groups
and to check the formation of boron-related bands,
BO3�

3 and BO�2 , in the doped HA structure. The bands
at 1250 cm�1 and 770 cm�1 are for the antisymmetric
stretching and the symmetric bending modes of the
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BO3�
3 groups, respectively; the bands at 2005 and

1930 cm�1 are related to the antisymmetric stretching
of BO�2 groups; the band at 3570 cm�1 is attributed to
the stretching mode of hydroxyl group; and the peak at
810 cm�1 is for the vibration mode of Al-O bonds [38].

XRD patterns of pure HA, and Al2O3 and B2O3
doped HAs are shown in Figure 7. The �gure shows

Figure 7. XRD patterns of pure-HA, 3 wt%
Al2O3-doped HA and B2O3-doped HA.

that all the samples exhibit characteristic peaks for
HA [39]. These patterns very well match the standard
JCPDS database of HA (PDF No: 09-0432). The peaks
of Al2O3 and B2O3 doped HAs show no signi�cant
di�erence from that of pure HA. No secondary phases,
such as tricalcium phosphate (TCP) and precursor
materials, were detected in these samples [40]. In fact,
the XRD patterns indicate that the Al2O3 and B2O3
doping did not change the phase composition of the
HA [41].

Images of the Rockwell C indentations are shown
in Figure 8. It can be seen that the load led to radial
plastic deformation of the HA coating.

As it can be seen in Figure 8, HA-coated Ti6Al4V
leads to more deformation at the edge and more delam-
ination than the Al2O3/Ti6Al4V and B2O3/Ti6Al4V
samples do. In addition, when percentage of Al2O3
and B2O3 increases, scratch resistance of coating also
increases.

Thickness of coating layer is given in Figure 9.
When the amount of Al2O3 in HA increases, thickness
of coating also increases. Coatings with average
thickness between 71 and 157 �m were obtained in
this work. The thickness of the coatings signi�cantly
decreases with increase in the amount of B2O3.

As shown in Figure 10, surface roughness of
coating increases with increase in the amount of Al2O3
and B2O3. Average surface roughness is 10.4 �m for
Al2O3 comprising HA coating and 8.3 �m for B2O3
comprising HA coating.

Figure 8. Scratch tracks of coatings.
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Figure 9. Coating thickness as a function of additive
amount (wt%).

Figure 10. Surface roughness as a function of additive
amount (wt%).

Pure HA coated implant has hydrophobic charac-
ter. With increase in the amounts of Al2O3 and B2O3,
Contact Angles (CA) of coatings decrease (Figure 11
and Table 3) and the coating layer tends to more
hydrophobic character. Low CA (< 90�) corresponds
to hydrophilic surface and high CA (> 90�) represents
hydrophobic surface. It is also noteworthy that the bac-
teria adhere to materials with varying hydrophobicity,
which depends on the hydrophobic properties of both
material surface and the bacteria [9].

The biocompatibility of the specimens was tested
by using SBF solution. SBF solution was synthesized
based on the method suggested by Kokubo et al. [42].

Table 3. Contact angles (CA, degree) of samples.

Sample CA
(L)

CA
(R)

Mean

Ti-6Al-4V (without grinding) 70.8 69.1 70.0

Ti-6Al-4V (surface ground) 67.8 73.8 70.8

Pure HA 105.8 107.1 106.5

%1 Al2O3 doped HA 92.0 91.8 92.0

%2 Al2O3 doped HA 94.4 96.8 95.6

%3 Al2O3 doped HA 79.7 82.5 81.1

%1 B2O3 doped HA 90.1 87.7 89.0

%2 B2O3 doped HA 64.0 63.4 63.7

%3 B2O3 doped HA 31.2 43.9 37.6

Coated Ti implant samples were immersed for 4, 7,
14, and 21 days in SBF solution. Then, samples
were weighed and characterized by SEM. Hydroxya-
patite nucleation in SBF solutions is usually utilized
to determine the bioactivity of implants. After each
dipping, the specimen was removed from the SBF
and then, dried in ambient temperature. It is clear
that the weight of samples changed after 4 days of
immersion. Hydroxyapatite nucleation on surface was
observed by SEM-EDX (Figure 12). The results
show that the amount of particles formed on the
Al2O3/HA and B2O3/HA coated Ti6Al4V implant
increased with increase in soaking time. EDX results
con�rmed that the new crystal structure was HA
(CA/P=20.94/12.27=1.71). It had the very similar
ratio of Ca/P=1,67.

4. Conclusion

In this study, we demonstrated that Al2O3 and B2O3
doped HA composite powders could be used as coating
on Ti6Al4V by HVOF technique. The obtained coating
layer had approximately 100 �m thickness. Bioac-
tivity results showed that Al2O3/HA coated Ti6Al4V
implant was more bioactive than B2O3/HA coated
Ti6Al4V implant. This was con�rmed by the weight as-
sessment and SEM images. Both HA coated layers had
scratch resistance. Al2O3/HA coated Ti6Al4V implant
o�ered higher scratch resistance than B2O3/HA coated
Ti6Al4V implant did. The average surface roughness
was around 10 �m for Al2O3/HA coated Ti6Al4V im-
plant and around 8 �m for B2O3/HA coated Ti6Al4V
implant. Al2O3 and B2O3 containing HA coatings
exhibited hydrophilicity, whereas pure HA coatings
were found to be hydrophobic. The observations of
this study can be useful in biomedical applications
of implant. In particular, the protective metal oxide
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Figure 11. Contact angles of coating.

Figure 12. SEM images and EDX results for the surface after soaking SBF (21 days).

surfaces produced by HVOF method provide important
insights into the future design of hybrid biomaterials in
orthopedic treatments.
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