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Effects of surface modification processes on the adhesion of hydroxyapatite
layers coated onto titanium substrates
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1. Introduction

Hydroxyapatite (Cas(PO4)3(OH), HA) is a mineral

Abstract

Hydroxyapatite (HA, Ca;o(PO4)s(OH),) is a biomaterial exploited in bone graft and
implant coating applications. The present study aimed at developing the technique
employed in coating hydroxyapatite onto internal fixation titanium plates. The coating
consisted of hydroxyapatite layer and titanium dioxide layer, functioning as a buffer
layer between hydroxyapatite and titanium plate substrate. The titanium substrates were
1) untreated; ii) polished and immersed in 70% nitric acid; and iii) immersed in nitric
acid. Coating of titanium dioxide and hydroxyapatite layers were achieved via
hydrothermal technique. Porous hydroxyapatite layers with the average pore size close
to 120 pm, and porosity ranging from 40 to 45% were observed. Fair adhesion among
titanium substrate, titanium dioxide and hydroxyapatite layers were found in the samples
prepared by polishing and acid immersion and the ones prepared by acid immersion. A
peeling method (ASTM D3359 — 09E2), used in evaluation of adhesion on a 0B to 5B
scale, was employed in determination of adhesion strength of the coating. The peeling
results revealed that complete detachment of the buffer and hydroxyapatite layers
occurred in untreated substrates. For the polished and acid immersed samples, the 2B
category adhesion, which corresponds to film removal between 15 to 35%, was
observed. The observation was being agreed with the image analysis which indicated
that 67.7%-69% of coated area remained. Potential biocompatibility was tested by
simulated body fluid (SBF) immersion. After 28 days, pH values remained unchanged.
Slight weight increase and hydroxyapatite formation after immersion was observed,
indicating potential bioactivity of the samples.

currently utilized as the materials for internal fixation
devices [6-8].
Strong adhesion between internal fixation device

phosphate compound found in animal and human
bone. Production of hydroxyapatite can be achieved
through either natural resources, such as animal bones
and corals, or chemical synthesis, which can be
attained by using initial reagents containing Ca?',
PO.*, OH- or other related chemical compounds.
Attributed to its biocompatibility, osteoconductivity,
moderate compressive strength, and high corrosion
resistance, hydroxyapatite is commonly exploited as
biomaterial [1,2]. For remedy of bone fracture,
hydroxyapatite is often used as bone graft material.
Nevertheless, due to its brittleness, low tensile
strength, and low fracture toughness, hydroxyapatite
is inappropriate for usage as loaded-bearing material in
orthopedic surgery or internal fixation devices [3-5].
With properties including lightweight, good formability
and high corrosion resistance that suit the requirements
for applications, stainless steel and titanium metal are

and human bone is highly desired. To achieve the
strong device-bone binding, the fixation device should
be osteoconductive. Coating of the internal fixation
devices with hydroxyapatite is the route to accommodate
osteoconductivity and consequently strong device-bone
bonding. Numerous techniques have been employed in
coating titanium with hydroxyapatite, including plasma
spraying [9-10], thermal spraying [11], sputter coating
[12-13], sol-gel deposition [14-15], and dip coating
[16]. Attributed to ease of application, plasma spraying
is widely commercially exploited in production of
hydroxyapatite coating on titanium implants [17].
Nevertheless, due to high temperature application, the
plasma spraying technique is reported to produce non-
uniformity in coating thickness and density, phase
impurity, low crystalline hydroxyapatite coating and
weak adhesion [17,18].

Coating techniques with low temperature processing
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are then preferred in the implants coatings. Coating
hydroxyapatite by hydrothermal technique involves a
low temperature process. By immersing implant or
substrate into aqueous solution containing calcium and
phosphate contained in an autoclave operating at the
temperature lower than 200°C, hydroxyapatite precipitates
are formed onto surface of the substrate.

To enhance adhesion between the substrate and
coating layer, a buffer layer is exploited. Attributed to
relatively low toxicity, and chemical and thermodynamic
stability, titanium dioxide has been utilized in deposition
of a buffer layer between hydroxyapatite and titanium
plate substrate [19,20]. Relatively strong adhesion
between titanium dioxide and hydroxyl apatite layers
has been reported.

When titanium dioxide reacts with water,
formation of negatively and positively charged surface
occurs. For the rutile-structured titanium dioxide,
basic hydroxide coordinates to one titanium cation,
while acidic hydroxide coordinates to two titanium
cations. The reactions are represented by the following
equations (1) and (2):

Ti-OH + H,0 — [Ti-0] + H;O" (1)
Ti-OH + H,0 — [Ti~OH,]*+ OH" 2)

Charged surface obtained as a results of the
aforementioned reactions accommodates binding of
the positively-charged calcium cations and negatively-
charged phosphate anion contained in hydroxyapatite
structure to the coated surface [21]. In addition,
according to Namavar et al. [22] and Mandracci et al.
[23], titanium dioxide surface can also play a role in
enhancement of protein adsorption to the coated
surface. This is attributed to generation of surface
defects and trapping of localized surface charges, which
can strengthen interaction and bonding, including
enhancement of electrostatic interaction and van der
waals attraction, between the protein and surface.

Preparation of surface is a key step to achieve good
adhesion between hydroxyapatite layers and metal
fixation device. In addition to the strong adhesion,
another requirement for the hydroxyapatite used in the
coating applications include pore size, which should
be in the range between 50 and 300 pm [24-26].

This project, therefore, aims at studying effects of
titanium surface preparation process on adhesion
between the titanium metal substrate and hydroxyapatite
layer. To accommodate osteoconductivity and bio-
compatibility, microstructure and simulated body fluid
tests were examined.

2. Materials and methods
2.1 Preparation of the samples

A commercially available titanium grade 2 plates
with dimension of thickness with 10x10x0.5 mm were

used as substrates for coating. Surface of the substrates
were prepared according to the following routes: i)
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polished the substrates by sandpaper (TOA, DCC) No.
100, 500, and 1500, respectively. Cleaning of the
substrates by deionized water was conducted using
ultrasonic cleaners for 20 min, followed by cleaning
by acetone. The cleaning was repeated for 2 times and
subsequently submerged in nitric acid (HNO3, Univar,
concentration 70%) for 1 min. The deionized water
and acetone cleaning processes were repeated once
again, and ii) submerged the substrates in nitric acid
for 1 min and followed to aforementioned cleaning
steps.

2.2 Preparation of coating powder

Commercially available titanium dioxide (TiO.,
rutile, Alfa Aesar, 99.5%) was used as buffer layer
between the titanium substrates and hydroxyapatite
layer. Hydroxyapatite coating layer was achieved by
coating the hydroxyapatite powder onto the buffer
layer.

To obtain the hydroxyapatite powder, a solution
combustion technique was employed. The synthesis
process involved preparation of 2.7 M aqueous solution
containing calcium nitrate tetrahydrate (Ca(NO3),-4H>0,
Daejung, 97.0%) and ammonium phosphate dibasic
((NHa4)2-HPOs, Daejung, 98.5%). Glycine, acting as
combusting fuel, as added to the prepared solution to
attain the molar ratio of Ca:P:glycine 0f2.3:1:1.9. The
solution mixture was subsequently heated at 400°C to
initiate combustion. Upon completion of the combustion
reaction, the powder was collected and calcined at
600°C for 3 h.

2.3 Coating procedures

Coating of the titanium dioxide buffer layer was
achieved through hydrothermal process. The titanium
dioxide powder was dissolved in hot water (100°C).
Polyvinyl alcohol ((-CH,CH(OH)-)(n), 1,500, Daejung)
and dispersant (Darvan 821/D821A6) with the quantity
of 2wt% and 3 wt% of powder, respectively were
added to the titanium dioxide solution. The mixtures
were stirred by a magnetic stirrer for 5 min and poured
into a stainless steel hydrothermal chamber. Substrates
were submerged into the mixture and underwent
hydrothermal process at 160°C for 5 h. The coated
substrates were heated at 600°C for 3 h.

Coating of the hydroxyapatite layer was also
conducted via hydrothermal process. The synthesized
hydroxyapatite powder, polyvinyl alcohol and dispersant
were mixed with deionized water to prepare slurry
with 25%w/v solids loadings. The substrates were
submerged into the slurry, underwent hydrothermal
process at 160°C for 5 h, and calcined at 600°C for 3 h.

2.4 Characterization
Phase identification of the samples was analyzed by

an x-ray diffractometer (XRD, Bruker, D8 Advance),
while sample microstructural and surface topology
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examination were conducted using a scanning electron
microscope (SEM, Quanta 450 FEI) and atomic force
microscope (AFM, Asylum Research MFP-3D),
respectively.

Adhesion of coated layers was assessed by a scotch
tape method (ASTM D3359 —09)[27,28]. A pressure-
sensitive tape was affixed onto the surface of the sample
and rapidly stripped. The samples were subsequently
examined by the scanning electron microscope. An
image analysis software (ImagelJ, version 1.45) was
employed in analysis of the area of adhesion.

Simulated body fluid consisting of NaCl (Daejung),
NaHCOs3 (Suksapan), KCl (Suksapan), K;HPO4-3H,O
(QReC), MgCl,'6H>0 (QReC), CaCl, (Suksapan), and
NaxSO4 (Suksapan) and deionized water was prepared
for bioactivity examination. Tris (hydroxymethyl)
aminomethane (Daejung) and HC1 1.0 M (Ajax) were
added to the prepared solution to adjust pH of the
solution to 7.45. Measurement of pH of the SBF were
conducted after immersion of the HAp samples in the
SBF for 28 days. Weight change and microstructure as
a result of SBF immersion were examined.

3. Results and discussion

3.1 Characteristics of titanium substrates

It is generally accepted that surface modification is
of great important in terms of enhancement of surface

Table 1. Characteristics of substrate surface

adhesion and osteointegration [29,31]. In this section,
characteristics of the untreated and treated substrates
were reported. As shown in Table 1, surface
characteristic of all substrates are distinctively
different. According to the images taken by a digital
camera, the polished and acid immersed (etched)
substrate were shiny compared with the untreated and
etched substrates. Additionally, contaminants were
also observed on surfaces of the untreated samples,
whereas the treated substrates revealed clean surfaces.
The observation therefore indicated that surface
treatment was an essential step for the coating process.
In addition to contaminant elimination, polishing
process has been reported to increase surface energy,
reactivity, and bio-compatibility of the titanium
implants [32-33]. Acid treatment was also reported as
the process to remove the contaminants and increases
surface reactivity. According to Danila et al. [33] acid
treatment accommodates formation titanium dioxide
layer and promotes bioactivity.

Surface morphology of the substrates examined by
scanning electron microscope and atomic force
microscope revealed uniformed grinding pattern in the
polished & etched substrates. Surface roughness
analysis indicated the average roughness (R,) 0f 0.217,
0.029, and 0.076 pum in the unprepared substrates,
polished and acid etched substrates and etched
substrates, respectively.

Characterization Characteristics of Substrates

techniques

Untreated

Digital camera
imaging

Scanning electron
microscopy

Atomic force
microscopy

Polished and submerged in
cid (polished & etched)

Submerged in acid
etched)
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Due to consecutive polishing steps, from polishing
by high-roughness sandpapers to fine-particles polishing
media, the polished and etched substrate exhibited the
lowest average roughness. Similar results were generally
observed in various studies. It has been reported that
uniformed pattern and roughness of the surface ranging
from 0.1 to 3 um were evident in the polished metal
substrates [5,34,35].

3.2 Characteristics of titanium substrates coated
by titanium dioxide

3.2.1 Existing phase of the buffer layer

As mentioned in the previous section, titanium
dioxide, serving as a buffer layer to enhance adhesion
between titanium metal and hydroxyapatite ceramics,
was coated onto the titanium metal substrate. In this
section, phase identification the titanium dioxide-
coated layer was conducted by an x-ray diffraction
technique. The results, as shown in Figure 1, revealed
that diffraction patterns contain peaks corresponding
to rutile-structured titanium dioxide (JCPDS 01-075-
1757). There was no evidence of secondary phase
formation.

The diffraction patterns also revealed that intensities

of some diffracted peaks (i.e. (101) at 36.079°, (200)
at 39.197°, (111) at 41.240°, (210) at 44.051°)) of the
polished and etched samples were unequal to those of
the untreated and etched samples. Different peak
intensity might indicate distinctive plane orientation
induced by the polishing process. It is commonly
observed that when metal surface is subjected to
mechanical stress or mechanical polishing, the surface
can be plastically deformed. Change of the shape and
orientation of grains also occurred.

3.2.2 Surface characteristics of titanium dioxide
coated substrate

Subsequent to coating, surfaces of the titanium
dioxide coated samples were analyzed. The results
indicated similar microstructure for all substrates. The
scanning electron micrographs revealed layer of equi-
axial titanium dioxide particles with average sizes of
0.167 um. In addition to similar microstructure of the
coated surface, roughness of the surface in all coated
samples appeared to be in close proximity. As shown
in Table 2, the values of roughness of surface (R,) are
0.136,0.107, and 0.106 pm in the untreated substrates,
polished & etched substrates and etched substrates,
respectively.

Table 2. Characteristics of the titanium dioxide coated surface.

Characterization

Characteristics of titanium dioxide coated samples

techniques Untreated

Digital camera
imaging

Scanning electron
microscopy

Atomic force
microscopy

Polished and submerged in
acid (polished & etched)
]

Submerged in acid
(etched)
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3.3.1 Existing Phase of the Titanium Dioxide/
Hydroxyapatite Coated Layers

Subsequent to titanium dioxide coating, the samples
were coated by hydroxyapatite. Results from x-ray
diffraction indicated that the coated layer of the
polished and etched substrates and the etched substrates
consisted of the desired closed pack-structured

hydroxyapatite phase (Cas(PO4);(OH)) (JCPDS 00-
024-0033). Nevertheless, peeling of the coated layers
occurred in the untreated substrate. The substrate
surface of the untreated samples was therefore
exposed. The uncovered surface indicated rutile-
structure titanium dioxide (JCPDS 01-075-1757), as
shown in Figure 2.

© = Hydroxyapatite
[0 - Titanium oxide , rutile
Polished and
v submerged in acid
= (polish & etched)
=
Qo
: |
|
é\ submerged in acid
= = (etched)
2
f=}
=
|
=
ﬂ | O [~
m [ ] oa ]
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10 20 30 40 50 60 70 80
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Figure 1. XRD diffraction patterns of a) untreated titanium substrate, b) the substrate polished and submerged in

acid (polished & etched) and c) the substrate submerged in acid (etched).

[ = Titanium dioxide , rutile
© Polished and
submerged in acid
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g i
—r [ =
o J } i MJ = 5 =
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Figure 2. XRD diffraction patterns of a) untreated titanium substrate b) the substrate polished and submerged in

acid (polished & etched) and c) the substrate merely submerged in acid (etched).
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3.3.2 Surface characteristics of hydroxyapatite and
titanium dioxide coated substrate

As mentioned previously, complete detachment of
the coated layers was observed in the samples coated
onto untreated substrates. Therefore, this section
focused on examination of the samples coated onto
polished & etched substrates and etched substrates.
The scanning electron micrographs revealed surface
consisting of irregular-shaped hydroxyapatite particles
with average sizes ranging from 1.95 to 2.74 pm in the
polished and etched substrates and etched substrates.
There was no evident of or substantial hydroxyapatite
particle coarsening. The observation was being agreed
with the study reported by Kwok et al. [36], which
indicated that titanium dioxide can function as
hydroxyapatite grain growth inhibitor [37]. Slight
increase of roughness was evident, compared with the
samples merely coated by titanium dioxide. The
average roughness of surface were 0.20 and 0.31 um
in the polished & etched substrates and etched
substrates, respectively. Surface roughness is one of
the factor significantly affect osteoblast activity and
bone formation process. It has been reported that

roughness in the range closed to 1 pm accommodate
cell adhesion and bone formation process [2,38].
Results from the current experiment were slightly
lower than that of the optimal values. However, the
roughness values are in the same range with the
previous study [39].

3.4 Adhesion of the Coated Layer

As shown in Table 3, complete detachment of the
coated layers was observed in the samples coated onto
untreated substrates. Test Method B-Cross-Cut Tape
tests, were then performed on the polished and etched
substrates and etched substrates. According to the
ASTM D3359-09E2, the coating layers demonstrated
the 2B category, which corresponded to film removal
between 15 to 35%. When analyzing adhesion of
coated layers with image analysis software, as shown
in Table 3, the results were being agreed with the
results determined by ASTM D3359-09E2. For the
samples coated onto the polished and etched substrates
and etched substrates, values of average adhesion were
69.08 = 0.46%, and 67.71=% 0.6% respectively.

Table 3. Surface characteristics of hydroxyapatite and titanium dioxide coated substrate.

Characterization

Characteristics of hydroxyapatite and titanium dioxide coated samples

techniques

Untreated

Scanning electron
microscopy

Scanning electron
microscopy

Atomic force
microscopy

Polished and submerged in
acid (olis & etched)

Submerged in acid
(etched)

J. Met. Mater. Miner. 29(4). 2019
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As mentioned in Section 3.1, polishing and/or acid
immersion processes were necessary in terms of
contaminant elimination and surface reactivity
enhancement. According to the results in this section,
surface treatment was also essential in accommodating
better adhesion of the coated layers. The polishing
process is recognized as a technique to physically
modify topography of the surface. With minimal
surface contaminant, along with uniform surface
roughness created by mechanical polishing, extensive
surface area which promoted interlocking between the
substrate and the coated layers was evident [32-33].
Acid treatment can also function in surface cleaning
and topographic modification [33]. The process is
therefore beneficial in providing better adhesion to the
coated layers.

It has been reported that the bonding strength of
the hydroxyapatite coated layers is associated with the
uniformity of titanium dioxide dispersion and porosity
[40]. Dense and uniform titanium dioxide layer
enhances heterogeneous nucleation of hydroxyapatite,
consequently lead to strong adhesion. As indicated in
the previous sections, the polished and etched substrates
and etched substrates demonstrated no significant
difference in terms of chemical composition and
surface morphology of the titanium dioxide layers. As
a result, adhesion strength of the polished and etched
substrates and etched substrates were comparable.

Thickness is one of the factors that influence
adhesion of the coating layers. Thin coating could
result in suboptimal fatigue life and diminish adhesion
strength of the coating. Excessive thickness, however, is
often observed along with non-uniform microstructure
and cracks [37,41]. It has been reported that thickness
of the coated layers ranging between 50 to 200 um
were suitable in terms of enhanced adhesion as well as
biological fixation [37,41-43]. In the current experiment,
thickness of titanium dioxide layers ranged from 22.99
+ 0.64 to 74.06 + 0.42 um, whereas thickness of
hydroxyapatite layers ranged from 69.44 + 0.40 to
99.61 +0.32 um. With relatively uniform microstructure
and thicknesses in an acceptable range, fair coating
adhesion could be observed in this experiment.

3.5 Microstructure of the Coated Layers

As shown in Figure 3, pore size and porosity of the
hydroxyapatite coated layer of the samples coated
onto the polished and etched substrates and etched
substrates were examined. Both pore size and porosity
of'the samples demonstrated values in close proximity.
Average pore sizes of 121.43+2.7 and 123.17+4.7
were found in the samples coated onto the polished and
etched substrates and etched substrates, respectively.
Average porosity of the samples ranged from 40 to
45%. It has been reported that enhanced osteoconductivity
could be achieved in the hydroxyapatite materials with
porosity and pore size ranging from 30 to 80%, and 50
to 300 um, respectively [44,45]. The results obtained
from this experiment, therefore, indicated that the
coated hydroxyapatite layers might have fair potential
for osteoconductive applications.

3.6 Potential Biocompatibility

Biocompatibility and bioactivity test was conducted
by submersion of the samples into simulated body fluid
(SBF) for 28 days. Weight change as well as formation
of hydroxyapatite layer after submersion were used as
an indicator of bone-bonding ability. pH measurements
of the SBF were also conduct to verify potential
biocompatibility of the samples.

Simulated body fluid (SBF), containing ion
concentrations almost equal to those of human blood
plasma, with pH of 7.45 was prepared. After submersion
of the coated samples, it was found that pH values of
the SBF were in the range between 7.45 and 7.46. The
results revealed that the samples exhibited low
potential to cause blood acidosis or blood basic, which
might lead to harmful conditions to human (Table 4).
Insignificant increase of the sample weights was
observed in the samples coated onto polished and
etched substrates and etched substrates, indicating low
extent of bone formation. The scanning electron
micrograph, as shown in Figure 4, however, indicated
apatite layer formation. Flower-like morphology of
the hydroxyapatite induced by SBF immersion was
similarly observed in various reports [2].

Table 4 Properties on titanium substrates coated with hydroxyapatite before and after immersion in simulated

body fluid (SBF) for 28 days

Substrates
Polished and submerged in acid  Submerged in acid (etched)
(polish & etched)

Weight before soak SBF (g) 0.2862 +0.11 0.2841 +0.02

Weight after soak SBF (g) 0.2875+0.12 0.2850 +0.02

Weight change (%) 0.4731 0.3163

pH before soak SBF 745 7.45

pH after soak SBF 7.45+0.02 7.46 £0.02

J. Met. Mater. Miner. 29(4). 2019
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Figure 3. Cross-sectional view of the coating layer deposited onto the titanium surface prepared under the
following conditions: (a) polished and submerged in acid, and (b) submerged in acid.

(b)

Figure 4. The surface of the hydroxyapatite coated layer on the substrates prepared by a) polishing and
submerging in acid, and b) submerging in acid, after immersion in SBF for 28 days.
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4. Conclusions

Hydroxyapatite-coated titanium substrates with
the adhesion, porosity and pore sizes in acceptable
ranges for the biomedical applications were successfully
fabricated. Solution combustion technique was employed
in preparation of hydroxyapatite powder used in the
coating, while hydrothermal was utilized in the
coating process. To enhance adhesion of the titanium
metal and hydroxyapatite ceramics, titanium dioxide
layer was deposited as a buffer layer between titanium
and hydroxyapatite.

Surface preparation of titanium substrate did not
significantly affect microstructure. On the contrary, it
was a key factor influencing adhesion of the coated
layers. Complete detachment of the buffer and
hydroxyapatite coating layer was found in the untreated
titanium metal substrates, while fair adhesion was
attained in the samples prepared by polishing and
submerging titanium substrates in nitric acid and
merely submerging in nitric acid. After the peeling test
was performed on the surface-modified titanium
substrate, 67.7% to 69% of coated area remained in the
samples prepared by polishing and submerging in
nitric acid and the one prepared by submerging in
nitric acid. Potential biocompatibility was tested by
submersion of the samples into simulated body fluid
(SBF) for 28 days. Relatively unchanged pH values,
slight weight increase, as well as formation of
hydroxyapatite layer after SBF submersion indicated
potential biocompatibility of the hydroxyapatite-
coated titanium substrates.

5. Acknowledgment

The authors gratefully acknowledge financial
support from Kasetsart University Research and
Development Institute. Research facility support from
the Department of Materials Engineering, Faculty of
Engineering, Kasetsat University is also acknowledged.

References

[1]  O. Jongprateep, N. Wattana, N. Sato, P. T.
Kien, and B. Inseemeesak, “Effects of solid
loadings and silica addition on microstructure
and compressive strength of hydroxyapatite
specimens fabricated by freeze casting technique,”
Ceramics International, vol. 44(1), pp. 156-160,
2018.

[2] M. Nazir, O. P. Ting, T. S. Yee, S. Pushparajan,
D. Swaminathan, and M. G. Kutty, “Biomimetic
coating of modified titanium surfaces with
hydroxyapatite using simulated body fluid,”
Advances in Materials Science and Engineering,
pp. 1-8, 2015.

[31 R.S.Corpe, D.E. Steflik, R. Y. MD Whitehead,
T. R. Young, and C. Jaramillo, “Correlative
experimental animal and human clinical retrieval
evaluation of hydroxyapatite (HA)-coated and

[10]

[11]

non-coated implants in orthopaedics and
dentistry,” Critical Reviews in Biomedical
Engineering, vol. 28, pp. 395-398, 2000.

R. Sakkers, R. Dalmeyer, R. Brand, P. Rozing,
and C. Van Blitterswijk, “Assessment of
bioactivity for orthopaedics coating in a gap-
healing model,” Journal of Biomedical
Materials Research, vol. 36, pp. 265-273, 1998.
R. Family, M. Solati-Hashjin, S. N. Nik, and A.
Nemati, “Surface modification for titanium
implants by hydroxyapatite nanocomposite,”
Caspian Journal of Internal Medicine, vol. 3,
pp. 460-465, 2012.

N. R. Ha, Z. X. Yang, K. H. Hwang, and J. K.
Lee, “Formation of TiO» coating layer on the
surface treated Ti alloys,” Materials Science
Forum, vol. 569, pp. 177-180, 2008.

A. Arifin, A. B Sulong, N. Muhamad, J. Syarif,
and M. I, Ramli, “Material processing of
hydroxyapatite and titanium alloy (HA/Ti)
composite as implant materials using powder
metallurgy: A review,” Materials and Design,
vol. 55, pp. 165-175, 2014.

A. V. Popkov, E. N. Gorbach, N. A. Kononovich,
D. A. Popkov, S. I. Tverdokhlebov and E. V.
Shesterikov, “Bioactivity and osteointegration
of hydroxyapatite-coated stainless steel and
titanium wires used for intramedullary
osteosynthesis,” Strat Traum Limb Recon, vol.
12, pp. 107-113, 2017.

T. Laonapakul, A. R. Nimkerdphol, and Y.
Otsuka, “Failure behavior of plasma- sprayed
hap coating on commercially pure titanium
substrate in simulated body fluid (SBF) under
bending load,” Journal Mech. Behav. Biomed.
Mater. vol. 15, 153-166, 2012.

Z. Zumrut, B. D. Polat, 1. Akin, O. Keles, and
G. Goller, “Bioactivity characterization and a
full factorial design on the adhesive strength of
air plasma sprayed HA-TiO2 coatings,” Journal
of the Australian Ceramic Society, vol. 49, pp.
95-103, 2013.

J. Hsiung, J. Tzeng, K. Kung, and H. Chen, “A
study of hermal sprayc oating on artificial knee
joints,” Journal Life Science. vol. 10, pp. 236-
241, 2013.

Y. Yang, K.-H. Kim, and J. L. Ong, “A review
on calcium phosphate coatings produced using
a sputtering process - an alternative to plasma
spraying,” Biomaterials, vol. 26, pp. 327-337,
2005.

K. Ozeki, Y. Fukui, and H. Aoki, “Hydroxy-
apatite coated dental implants by sputter-ing,”
Biocybernetics and Biomedical Engineering,
vol. 26, pp. 95-101, 2006.

X. Ji, W. Lou, Q. Wang, J. Ma, H. Xu, Q. Bai,
C. Liu, and J. Liu, “Sol-gel-derived hydroxyl-
apatite-carbon nanotube/titania coatings on
titanium substrates,” International Journal of
Molecular Sciences, vol. 13, pp. 5242-5253,2012.

J. Met. Mater. Miner. 29(4). 2019



78

[15]

[16]

[17]

[18]

[19]

(20]

(21]

[22]

(23]

[24]

[25]

JONGPRATEEP, O., et al.

C. J. Tredwin, G. Georgiou, H. W. Kim, and J. C.
Knowles, “Hydroxyapatite, fluorhydroxyapatite
and fluorapatite produced via the sol-gel
method: bonding to titanium and scanning
electron microscopy,” Dental Materials Journal,
vol. 29, pp. 521-529, 2013.

T. Li, J. Lee, T. Kobayashi, and H. Aoki,
Hydroxyapatite coating by dipping method,
and bone bonding strength,” Journal of
Materials Science: Materials in Medicine, vol.
7, pp.355-357. 1996.

E. Mohseni, E. Z. alnezhad, and A. R. Bushroa,
“Comparative in vestigation on the adhesion of
hydroxyapatite coating onTi—6Al-4V implant:
A review paper,” International Journal of
Adhesion and Adhesives, vol. 48, pp. 238-257,
2014

B. Ben-Nissan, A. H. Choi, R. Roest, B. A.
Latella, and A. Bendavid, “Adhesion of
hydroxyapatite on titanium medical implants,”
Woodhead Publishing Series in Biomaterials,
vol. 2, pp. 21-51, 2015.

M. Textor, C. Sittig, V. Frauchiger, S. Tosatti,
and D. M. Brunette, “7-Properties and Biological
Significance of Natural Oxide Films on
Titanium and Its Alloys,” in Handbook of
Titanium in Medicine, Springer-Verlag Berlin
Heidelberg, pp. 171-230, 2001.

T. Kokubo and H. Takadama, “7-Simulated
Body Fluid (SBF) as a Standard Tool to Test
the Bioactivity of Implants,” in Handbook of
Biomineralization: Biological Aspects and
Structure Formation, ed. Edmund Bauerlein
Wiley-VCH Verlag GmbH and Co. KGaA,
Weinheim, pp. 97-106, 2007.

K. Suchanek, A. Bartkowiak, A. Gdowik, M.
Perzanowski, S. Kac, B. Szaraniec, M.
Suchanek, and M. Marszatek, “Crystalline
hydroxyapatite coatings synthesized under
hydrothermal conditions on modified titanium
substrates,” Materials Science and Engineering
C, vol. 51, pp. 57-63, 2015

F. Namavar, R. F Sabirianov, D. Marton, A.
Rubinstein, and K. L. Garvin, “Why is Titanium
Biocompatible,” Poster No. 0981, ORS 2012
Annual Meeting.

P. Mandracci, F. Mussano, P. Rivolo, and S.
Carossa, “Surface Treatments and Functional
Coatings for Biocompatibility Improvement
and Bacterial Adhesion Reduction in Dental
Implantology, Coatings, vol. 6(7), pp. 1-22,2016.
V. Karageorgiou and D. Kaplan, “Porosity of
3D biomaterial scaffolds and osteogenesis,”
Biomaterials, vol. 26, pp. 5474-5491, 2005.
M. Mour, D. Das, T. Winkler, E. Hoenig, G.
Mielke and M. M. Morlock, “Advances in
porous biomaterials for dental and orthopaedic
applications,” Materials, vol. 3 pp. 2947-2974,
2010.

J. Met. Mater. Miner. 29(4). 2019

[26]

[27]

(28]

[29]

[30]

[31]

A. Tsuchiya, S. Sotomel, Y. A. Soul, M.
Kikuchi, Y. Koyama, T. Ogawa, J. Tanaka, and
K. Shinomiya, “Effects of pore size and implant
volume of porous hydroxyapatite/collagen
(HAp/Col) on bone formation in a rabbit bone
defect model,” Journal of Medical and Dental
Sciences, vol. 55, pp. 91-99, 2008.

D. Davies and J. A. Whittaker, “Methods of
testing the adhesion of metal coatings to
metals,” Metallurgical Reviews, vol. 12, pp.
15-26, 1967.

B. N. Chapman, “Thin-film adhesion,” Journal
of Vacuum Science and Technology, vol. 11,
pp-106-113, 1974.

E. Conforto, B. O. Aronsson, A. Salito, C.
Crestou, and D. Caillard, “Rough surfaces of
titanium and titanium alloys for implants and
prostheses,” Materials Science and Engineering
C, vol. 24(5), pp. 611-618, 2004.

O. Zinger, K. Anselme, and A. Denzer, “Time-
dependent morphology and adhesion of
osteoblastic cells on titanium model surfaces
featuring scale-resolved topography,” Bio-
materials, vol. 25(14), pp. 2695-2711, 2004.
T. Monetta and F. Bellucci, “The effect of
sand-blasting and hydrofluoric acid etching on
TiCP 2 and Ti CP 4 surface topography,” Open
Journal of Regenerative Medicine, vol. 1(3),
pp. 41-50, 2012.

M. David Dohan Ehrenfest, P. G. Coelho, B. Kang,
Y.-T. Sul, and T. Albrektsson, “Classification
of osseointegrated implant surfaces: materials,
chemistry and topography,” Trends in
Biotechnology, Vol. 28(4), pp. 198-206, 2010.
M. D. Korotin, S. Bartkowski, E. Z. Kurmaev,
M. Meumann, E. B. Yakushina, R. Z. Valiev,
and S. O. Cholakh, “Surface Characterization
of Titanium Implants Treated in Hydrofluoric
Acid,” Journal of Biomaterials and Nanobio-
technology, vol. 3, pp. 87-91, 2012.

P. Vanzillotta, G. A. Soares, 1. N. Bastos, R. A.
Simao, and N. K. Kuromoto, “Potentialities of
some surface characterization techniques for
the development of titanium biomedical
alloys,” Materials Research, vol. 7(3), pp. 437-
444,2004.

S. Ferraris, S. Spriano, and G. Pan, “Surface
modification of Ti-6A1-4V alloy for biominera-
lization and specific biological response: part I,
inorganic modification,” Journal of Materials
Science: Materials in Medicine, vol. 22(3), pp.
533-545,2011.

C. T. Kwok, P. K. Wong, F. T. Cheng, and H.
C. Man, “Characterization and corrosion
behavior of hydroxyapatite coatings on
Ti6Al4V  fabricated by electrophoretic
deposition,” Applied Surface Science, vol.
255(13-14), pp. 6736-6744, 2009.



[37]

[38]

[39]

[40]

[41]

Effects of surface modification processes on the adhesion of hydroxyapatite 79
layers coated onto titanium substrates

X. F. Xiao, R. F. Liu, and Y. Z. Zheng.
“Characterization of hydroxyapatite/titania
composite coatings codeposited by a
hydrothermal-electrochemical ~method on
titanium,” Surface and Coatings Technology,
vol. 200, pp. 4406-4413, 2006.

M. B. Rosa, T. Albrektsson, C. E. Francischone,
H. O. S. Filho, and A. Wennerberg, “The
influence of surface treatment on the implant
roughness pattern,” Journal of Applied Oral
Science, vol. 20(5), pp. 550-555, 2012.

U. W. Jung, J. W. Hwang, D. Y. Choi, K. S. Hu,
M. K. Kwon, S. H. Choi, and H. J. Kim, “Surface
characteristics of a novel hydroxyapatite-
coated dental implant,” Journal of Periodontal
& Implant Science, vol. 42(2), pp. 59-63,2012.
H. Ishizawa and M. Ogino, “Characterization
of thin hydroxyapatite layers formed on anodic
titanium oxide films containing Ca and P by
hydrothermal treatment,” Journal of Biomedical
Materials Research, vol. 29, pp. 1071-1079, 1995.
D. L. Alontseva, M. B. Abilev, A. M. Zhilka-
shinova, S. G.Voinarovych, O. N. Kyslytsia, E.
Ghassemieh, A. Russakova, and L. Latka,

[43]

[44]

[45]

“Optimization of Hydroxyapatite Synthesis
and Microplasma Spraying of Porous Coatings
Onto Titanium Implants,” Vol. Advances in
Materials Science, vol. 18(57), pp 79-94, 2018.
B. Plesngerova, G. SucikGabriel Sucik, M.
Maryska, and D. Horkavcova, “Hydroxyapatite
coatings deposited from alcohol suspensions by
electrophoretic deposition on titanium substrate,”
Ceramics-Silikaty, vol. 51(1), pp 15-23, 2007.
L. Yehuang, K. Weixu, and J. Lu, “A study of
the process and kinetics of electrochemical
deposition and the hydrothermal synthesis of
hydroxyapatite coatings,” Journal of Materials
Science: Materials in Medicine, vol. 11, pp.
667-673, 2000.

H. Wang, Z. Meifang, Y. Li, Q. Zhang, and H.
Wang, Mechanical properties of dental resin
composites by co-filling diatomite and
nanosized silica particles, Materials Science
and Engineering C, vol. 31, pp. 600-605,2011.
D. M. Liu, “Influence of porosity and pore size
on the compressive strength of porous
hydroxyapatite ceramic,” Ceramics International,
vol. 23, pp. 135-139, 1997.

J. Met. Mater. Miner. 29(4). 2019



