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A B ST R AC T

Surface treatments of the biomaterials are of great interest in many biomedical applications. Hydroxyapatite
is a favorable candidate for surface modification of the implants. To date, a wide variety of methods have
been developed to produce bio-active/biocompatible coatings with desirable features in order to improve
the performance of the implants. This paper strives to overview the present prevalent methods for
synthesizing the hydroxyapatite based multilayer coatings as well as the various properties of such coatings.
The common methods for fabrication of HAp-containing multilayer coatings including electrochemical, solgel, and plasma spray routs. It was clearly highlighted that the main drawback in pure HAp coatings is their
poor adhesion to the implants. The studies in the field of HAp-ceramic systems showed that the deposited
ceramic layers, e.g. TiO2 and ZrO2, are strongly adherent to HAp and substrate which leads to a remarkable
improvement in the mechanical properties of pure HAp coatings. Unlike HAp-ceramic systems, there are
less studies dealt with the HAp-polymeric systems. The performed studies demonstrated that the corrosion
resistance and adhesion strength of the coatings to the substrates can be considerably improved with
the deposition of HAp/polymer multilayer coatings. Altogether, HAp based multilayer coatings have bright
prospect since they benefit from HAp biocompatibility as well as the enhanced adhesion to the substrate.
Keywords: Hydroxyapatite, Nanostructured Multilayers, Mechanical Properties, Corrosion Resistance, Implants,
Biomedical Applications.

1. Introduction
A wide variety of metals and alloys can be
successfully fabricated to serve as promising
biomaterials in human body [1, 2]. One of the
most distinguishing feature of these materials is
their mechanical properties including low elastic
modulus which is similar to human bone, low
plasticity, and fatigue resistance [3-7]. Moreover,
favorable wear and corrosion resistance as well as

suitable biocompatibility are the other outstanding
features of biomaterials [8, 9]. Titanium and its
alloys such as Ti6Al7Nb, Ti6Al4V, and Ni-Ti shape
memory alloys, stainless steel, and cobalt chromium
molybdenum alloys have recently been developed
for implant applications. They can be satisfactorily
employed to fix or replace the damaged bones [2,
10]. According to the statistics, these materials
supply more than 70 % of the bio-implant
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requirements [11, 12]. Nevertheless, an undesirable
phenomenon namely, releasing toxic ions when
exposing to body environment, have restricted
their potential benefits in bio applications. On the
other hand, poor connection of the implants to
the adjacent tissue, especially for Ti-based ones,
remains as a critical challenge to overcome. This
is why a great demand for adhesive-biocompatible
coatings is generated [13-15].
Hydroxyapatite (Ca10(PO4)6(OH)2) is an
eligible candidate for improving the bioactivity,
mechanical properties, and corrosion resistance of
these implants [10, 16, 17]. It has not found vast
applications as a conventional ceramic, however, it
is well-established as a biomaterial. Hydroxyapatite
(HAp) is a kind of calcium phosphate with
hexagonal lattice structure which can be formed in
plate-like or needle-like morphologies based on its
synthesis situation. It is to be noted that HAp is the
primary inorganic calcium phosphate mineral part
of the bone and teeth which contains more than
half of bone’s weight. Therefore, it is widely used for
fabrication of the dental and bone implants [18-20].
All in all, application of a biocompatible layer on
the fabricated bio-implants dramatically promotes
their physicochemical and biological properties.
In addition, hyaluronic acid, collagen, chitosan,
and etc. are the other common bioactive coatings
which can contribute to obtain a surface with
similar topography and chemical composition to
extra cellular matrix (ECM) [21-24].
Despite the aforementioned advantageous of
HAp, it has poor adhesion to the surface of the
metallic implants. There are several approaches
including grit blasting, sand blasting, chemical
treatments, and high temperature methods which
have been introduced in order to meet this shortage
[25-27]. Although high temperature methods
such as pulse laser deposition, thermal spray, and
etc. improve the adhesion to the substrate, they
may adversely affect the final properties of the
coatings. For example, the high temperature may
decompose the existing HAp to Ca3PO4 and CaO.
These compounds are not biocompatible and may
noticeably degrade the benefits of HAp coatings
[28]. A practical way to overcome this challenge
is deposition of an interlayer between substrate
and HAp, in other words, producing a bilayer
coating. A wide variety of functional molecules can
be introduced into the growing layered coating,
thereby obtaining versatile properties [29, 30]. As
a particular feature of the HAp-chitosan multilayer

coatings, it is possible to alter the hydrophilicity
of system with inclusion of various layers
[31]. In addition, the deposited interlayers can
satisfactorily give rise to the mechanical, biological,
and corrosion performance of the substrates. For
instance, Narayan et al. [32] have demonstrated
that the deposition of diamond carbon interlayer
not only minimize the probability of inducing
corrosion of HAp in body fluids, but also improves
implant fixation due to the minimal fibrous capsule
around the implant. Literature have confirmed that
the deposited interlayers, e.g. TiO2, play a vital role,
in particular when using high temperature methods
such as plasma spray, so that these interlayers
diminish the mismatch of the coefficients of
thermal expansion, slow down the fast cooling
rates, decrease the thermal decomposition of
HAp, and enhance the crystallinity of the coatings.
Furthermore, results showed the superior fatigue
resistance of the HAp-based multilayer coatings
than the single layer ones [33, 34].
The present review addresses the prevalent
fabrication methods of HAp based multilayer
coatings include electrophoretic deposition
(EPD), electrodeposition (ED), sol gel, and plasma
spray. Also, the microstructural, mechanical,
and corrosion properties of HAp-ceramic and
HAp-polymer systems will be reviewed in some
detail.
2. Prevalent fabrication methods
2.1. Electrochemical methods
2.1.1. Electrophoretic deposition
EPD is one of the colloidal methods for
fabricating ceramic containing products, which has
gained great attention owing to its unique features
[35]. Albeit this method was first introduced at
1808, it’s first empirical use dates back to 1933.
In EPD, existing charged particles in a liquid
medium, usually called electrolyte or plating bath,
move toward the conductive substrate which
located in opposite charge under the application of
electric field. Depending on the charge of the used
electrode, EPD can be divided into two groups, as:
(i) cathodic EPD for positively charged particles;
and (ii) anodic EPD for negatively charged particles
[36]. Fig. 1 a-b shows the schematic representation
of both types of EPD process.
Generally speaking, the quality of the deposited
bio-active coatings deeply affected by the type
of the employed deposition technique. A broad
variety of materials such as ceramics, polymers,
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and glasses can be satisfactorily deposited by
means of EPD. This method is known as an
appropriate choice when the goal is deposition
of the polymeric coatings, e.g. chitosan [37-40].
Furthermore, there are numerous studies reporting
the successful use of EPD for deposition of HAp on
the metallic surfaces, however, the poor adhesion
of this kind of coatings is a challenge [15, 41-43].
In these cases, post sintering treatments can be a
practical solution. Empirical results confirm the
faster procedure of deposition in EPD than other
electrolyte deposition methods. It is ascribed to
the presence of particles rather than ions in this
method [44, 45]. There are two major factors
controlling the final properties of the produced
films by EPD, as: (i) processing parameters such as
applied voltage and temperature and (ii) embedded
particles characteristic such as shape and size [46].

alter the final properties of electrodeposited films
[47-58].
The electrodeposition technique is well
established for protection of metallic implants by
deposition of HAp-based coatings. Platinum and/
or graphite is suggested as an impressive anode
material [59, 60].
There are two approaches to deposit the
multilayer coatings by electrochemical methods,
i.e. (i) using a single bath with altering voltage value;
and (ii) using two or more different electrolytes
for deposition of the each layer. Nevertheless, for
HAp-containing multilayer coatings, there is a
great tendency to employ the second way [61]. For
instance, Pang et al. [62] have alternatively put the
substrate (cathode) into the various suspensions.
During this process, care should be taken to avoid
washing the individual layers after bringing out
the cathode from each electrolyte. A schematic of
synthesis procedure of HAp containing multilayer
coatings through two step electrochemical methods
is represented in fig. 2. On the other hand, several
investigations have employed dissimilar methods
for production each layer of the multilayer coatings
[63, 64].

2.1.2. Electrodeposition
A simple electrodeposition system composed of
electrolyte and at least two electrodes, i.e. anode and
cathode. The mechanism involved in the generation
of the films on the substrates through ED process is
movement of metallic ions from the anode toward
the cathode surface. These ions can be reduced at
the electrolyte/cathode interface. To exploit the
full benefits of electrodeposited films, it is essential
to deeply understand the exact role of the each
component in the process. The current density,
stirring rate, electrolyte temperature, electrolyte
pH, distance between anode and cathode, and
deposition time are the factors which can markedly

2.2. Sol gel
Sol-gel is a well-established technique to
synthesis the various types of coatings in which an
inorganic colloidal suspension (sol) firstly forms
followed by gelation of this sol within a continuous
liquid phase (gel). Recently, sol gel method has
been extensively employed for deposition of HAp

Fig. 1- Schematic
representation
of two
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ofEPD
EPD
process:
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containing bio-active coatings. Two common
processes of sol gel method are dip coating and spin
coating. The HAp sol can be prepared using Ca-P
precursors and incorporation of different solvents,
e.g. ethanol and water [65-68]. Table 1 summarizes
the used precursors in sol gel method accompanied
by their required solvents. A schematic diagram
exhibiting the various steps of the sol gel process
for fabrication of HAp containing biocompatible
coatings is represented in fig. 3.
Sol gel process provides appropriate condition
for achieving multilayer coatings, wherein it is
possible to control the thickness of each layer as
well as chemical structure of the layers through

tailoring the properties of the solution [69].
The multilayer deposits fabricated by sol gel
process can be formed through two diverse ways,
as: (i) single sol and (ii) two or more sols depending
on the number of different components which
should be deposited as separate layers [70-73]. For
instance, Un et al. [71] used a single sol to synthesis
HAp-TiO2 multilayer film. They produced hybrid
sol through incorporation of HAp powders into
the as-prepared TiO2 sol during gelling stage.
The multilayer coatings synthesized through dip
coating method, wherein the substrates were
immersed into the prepared sol and bring out with
a constant velocity. On the other hand, Xu et al.

2- A schematic
of synthesis
procedure
of HAp
containing
multilayer
coatingstwo
through
step
Fig. 2- A schematic ofFig.
synthesis
procedure
of HAp
containing
multilayer
coatings
through
steptwo
electrochemical
methods.
electrochemical methods.

Table 1- Used precursors in sol gel method accompanied by their required solvents [65, 66, 69]
Table 1- Used precursors in sol gel method accompanied by their required solvents [1-3]
Chemical composition of precursors
Used solvents
Phosphorous precursor such as triethyl phosphite and
phosphorous pentoxide

The main solvent is ethanol. Moreover, a little
amount of water can be added to hydrolyze the sol.

Calcium precursor such as calcium nitrate

Ethanol

Fig. 3- Schematic representation of the sol gel process for fabrication of HAp containing biocompatible

Fig. 3- Schematic
representation
of the sol gel
process coatings
for fabrication
of HAp containing
biocompatible
coatings.
HAp containing
coatings.
The HAp containing
multilayer
are deposited
during second
stage, i.e.
sol gelThe
process.
multilayer coatings are deposited during second stage, i.e. sol gel process.
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[70] applied two various sols including TiO2 and
HAp sols to develop HAp-TiO2 multilayer coating.
The chemical composition of used sols by Xu et al.
[70] is presented in table 2.

as plasma current, plasma voltage, powder feed rate,
and spray distance for HAp single layer coating is
different from the parameters employed for HAp/
Al2O3-TiO2 multilayer one. The reason is to meet the
enhanced crystallinity of the multilayer coatings.
Table 3 summarizes the foremost advantages of
the introduced methods for the deposition of the
multilayer HAp containing bio-coatings.

2.3. Plasma spray
Generally, plasma spray is a well-developed
method for protection of various substrates,
wherein a molten or heat softened material is
sprayed all over the given surface. The input
materials should be in a powder form, then inject
into a plasma flame which was previously heated,
and finally accelerated toward the substrate. The
powders hit the surface of the substrate, followed
by a rapid cooling and sticking to the substrate
[74]. Plasma spray approach was firstly used for
deposition of HAp during the mid-1990s. The
produced layers rapidly fix to the implant and
give rise to the bone growth at the interface of
implant-bone [75]. Nevertheless, the method was
progressively improved so far. That is why plasma
spray has become a hot topic in the deposition of
HAp bio-active films [76].
To synthesis multilayer films via plasma spray
method, the layers should be deposited on the
substrate from different materials. In addition, each
material is composed of dispersant and favored
particles. The processing parameters may vary from
a layer to another layer or be the same for all of the
deposited layers. For example, Palanivelu et al. [77]
demonstrated that the processing parameters such

2.4. Other fabrication techniques
Beside the mentioned techniques developed for
deposition of HAp-based multilayer coatings, there
are other methods including micro arc oxidation
(MAO), electron beam deposition, magnetron
sputtering, and etc. [78-81]. In this section,
the principles of these methods will be shortly
reviewed.
Micro arc oxidation is an electrochemical surface
treatment which can be satisfactorily employed
for deposition of the oxide coatings. Within this
method, a high potential applies to produce plasma
which can modify the structure of oxide layer. The
employed equipment for MAO process are similar
to those used in electrochemical methods, namely
electrolyte, usually a dilute alkaline solution, and at
least two electrodes. To deposit HAp-based coatings
through this technique, HAp is dispersed in an
aqueous media. HAp powders can be adsorbed on
the anode under the applied electrical field during
MAO if they negatively charged in the electrolyte
[79, 80].

2- The chemical composition of used sols by Xu et al. [71]
TableTable
2- The
chemical composition of used sols by Xu et al. [4]
HAp Sol
TiO2 Sol

C2H5O3PO diluted with anhydrous ethanol+ distilled
C16H36TiO2 diluted in ethanol + NH(CH2CH2OH)2)
water+ Ca(NO3)2.4H2O dissolved in anhydrous ethanol.
mixed with distilled water+ aging for 24 h.
Coating technique: spin coating at 1500 rpm for 15 s.
Coating technique: spin coating at 1500 rpm for 15 s.
Table 3- The foremost advantages of the introduced methods for deposition of the multilayer HAp containing
bio-coatings
Table 3- The foremost advantages of the introduced methods for deposition of the multilayer HAp containing bio-coatings

Fabrication method

Electrochemical
methods

Sol gel method
Plasma spray

Prominent advantages

EPD

Cost efficiency, versatility, short operation time, ease of use for complex
geometries, and simple procedure.

ED

Possibility to coat a large irregular surface; scalability and cost efficiency;
and feasibility to grow non-equilibrium films.
Enhanced homogeneity (arise from atomic level mixing), low crystallization
temperature about 350 oC, nice ability to tune the chemical composition,
fine structure, low cost, and potency for deposit on the complex shapes of
the implants.
Great control on the microstructure of the coatings, flexibility of the
process, desirable rate of deposition, and enhanced adhesion of the films.
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Electron beam deposition and magnetron
sputtering are two main groups of physical vapor
deposition (PVD) technique. Within electron
beam deposition technique, a target material
is bombarded via an electron beam to supply
the chemical composition of the coating. The
commonly used target material for HAp-containing
coatings is heat treated HAp-CaO composite which
provides the closest composition to the pure
phase and stoichiometric HAp. The electron beam
often generates from a charged tungsten filament.
This electron beam is able to evaporate the target
material. The formed gaseous can move through
the high vacuum chamber and deposit on the
defined substrate [78, 82].
The magnetron sputtering technique possess
two successive steps, as: (i) acceleration of gas ions
toward target material which have been supposed
to deposit on the substrate; (ii) detachment
(sputtering) of the atoms of target material
followed by condensing of these sputtered atoms
on the defined substrate. The size of target material,
distance between the substrate and target material,
and pressure of the sputtering chamber may deeply
affect the quality of deposited coating by this
technique [81, 83].

on the various properties of HAp-TiO2 multilayer
coatings.
3.1.1. Morphological features
Numerous studies have evaluated the
morphological features of HAp-TiO2 coating. It
was found that the processing parameters such
as arc power and the type of working gases in
plasma spray method, voltage level in EPD and
MAO procedures, and type of formulation in sol
gel process, as well as heat treatment temperature
are the factors which may deeply alter the
microstructure-related features of these coatings
[43, 71, 80, 88, 89].
Generally speaking, the as-deposited multilayer
coatings exhibit two types of morphologies, namely
(i) uniform and dense morphology [80, 88] and
(ii) irregular and heterogeneous morphology [90].
However, several changes can be occurred in the
morphology of the synthesized coating with change
in both processing parameters and application of
post heat treatments [80, 88].
Hereon, several studies will review to elucidate
the exact influences of aforementioned factors on
the morphological features of the coatings. Kim et
al. [88] proved that the uniform and dense surface of
as-deposited HAp-TiO2 coating can change to rough
and nanoporous one after heat treatment at 500
o
C. The generated pores during the heat treatment
process may originated form the decomposition of
the organic materials. Nevertheless, TiO2 interlayer
was found to be poreless [70]. As a general rule,
application of post heat treatment can also lead to
formation of cracks throughout the microstructure
of coatings if desirable temperature is not chosen.
Un et al. [71] reported the formation of both macro
and micro cracks when heat treated at above 400
o
C, while the coatings heat treated at 400 oC have
smooth and crack-free structure.
An overwhelming majority of investigations
proved that there is no delamination or cracks in
either interfaces of HAp and TiO2 layers as well
as TiO2 layer and substrate. This can ensure the
favorable bonding of layers which will be discussed
in next section [70, 80, 88, 91, 92].
Additionally, Lee et al. [80] showed that it is
possible to obtain a fully porous HAp layer with
increasing the voltage of MAO process from 210
to 230 V. Similar to MAO, in order to guarantee
the formation of crack-free and homogeneous
microstructure, one should carefully control the
voltage amount in EPD process. It was shown that

3. HAp-ceramic systems
3.1. HAp-TiO2
A review on literature indicates that HApTiO2 multilayer coatings can be successfully
synthesized via a wide variety of methods including
electrochemical methods [84], sol gel [71], plasma
spray [85], micro arc oxidation (MAO) [79],
electron beam deposition [78], airbrush [86], and
magnetron sputtering [81]. Furthermore, there
are some studies which have used two different
methods to deposit each of HAp and TiO2 layers. For
instance, Yan et al. [87] have employed anodizing
and electrodeposition methods to deposite TiO2
and HAp layers, respectively.
In general, deposition of TiO2 layer between
substrate and HAp coating has several advantageous
over single HAp layer, as follows: (i) increase
in adhesion of HAp to substrate [61, 63, 78, 84,
88]; (ii) decrease in HAp decomposition [84];
(iii) improving corrosion resistance [63, 88]; (iv)
enhancing the biocompatibility of substrate [80];
(v) Reducing the probability of crack formation
in the deposited coating [78]; and (vi) preventing
from releasing the metal ions from the substrates
[79]. In next sections, a detail review will be done
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application of low voltage amounts may lead to
generation of more uniform and adherent coatings
with less crack numbers. In other words, the more
the applied voltage, the more the agglomerated
particles are. Actually, when a high voltage applies
during EPD, there is no time for particles to deposit
in suitable sites and also, they cannot move for
rearrangement. Hence, there is a great tendency to
form porous structure as well as crack containing
coatings with increase in voltage level within EPD
process [84, 93].
Fig. 4 exhibits the surface morphology of HApTiO2 bilayer coatings fabricated by pulsed current
electrodeposition. As seen in the picture, the
coating is free from cracks, but the top layer HAp

film has porous structure.
A network of cracks can be formed also by
employing sol-gel process, however, a small change
in formulation may result in the formation of a
crack-free microstructure. The only factor which
is responsible for crack formation is difference in
physical integrity of TiO2 layer. Fig. 5 indicates
SEM morphology of HAp-TiO2 multilayer coatings
produced via two different types of formulations
[71].
As obviously seen, change in sol gel formulation
resulted in the elimination of formed cracks.
Interestingly, it is possible to tailor the grain size of
HAp layer with controlling the grain size of the TiO2
layer. For example, Lee et al. [78] demonstrated that

Fig. 4- Surface morphology of HAp-TiO2 bilayer coatings fabricated by pulsed current electrodeposition [1].

Fig. 4- Surface morphology of HAp-TiO2 bilayer coatings fabricated by pulsed current electrodeposition [94].

Fig. 5- SEM morphology of HAp-TiO2 multilayer coatings produced via two different formulations: (a) Tiisopropoxide: nitric acid: ethanol: H2O Ti(OCH(CH3)2)4:HNO3:C2H5OH:H2O 1:0.026:12:1 and (b) Ti-isopropoxide:
Fig. 5- SEM
morphology
of HAp-TiO
multilayer
coatings
produced via
different
formulations:
nitric acid:
nitric
acid: n-propanol:
acetlyl
acetone:
H2O Ti(OCH(CH
O2:Ti-isopropoxide:
H2O 1:0.016:22:0.5:2
3)2)two
4:HNO
3:CH3(CH
2)2OH:C2H8(a)
2
ethanol: H2O Ti(OCH(CH3)2)4:HNO3:C2H5OH:H2O 1:0.026:12:1 and (b)
[2].Ti-isopropoxide: nitric acid: n-propanol: acetlyl acetone: H2O
Ti(OCH(CH3)2)4:HNO3:CH3(CH2)2OH:C2H8O2: H2O 1:0.016:22:0.5:2 [72]
4
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the grain size of HAp layer is very similar to the
underlying TiO2 layer and it is over the range 250350 nm.

emerged in both Rutile and Anatase forms. The
reported results about the effects of heat treatment
on the phase transition as well as emerging new
peaks in the microstructure of the coatings are
inconsistent, wherein some studies showed the
negligible influence of heat treatment [63, 84],
while the others demonstrated the formation of
new peaks as well as phase transformations [81,
91]. Hence, choosing optimum temperature for
heat treatment is a critical point that must be taken
into account.
Fig. 6 indicates the XRD patterns of HAp-TiO2
multilayer coatings deposited by sol gel route after
heat treatment at three different temperature. At
the calcination temperature of 400˚C there is no
sign for presence of TiO2 since this phase is not
crystalline and has a limited thickness. Amorphous
TiO2 coating produced by sol gel process first
crystallizes to Anatase in the temperature range
of 400–500˚C. Rutile diffraction peaks can be
well distinguished after calcination at 600˚C
[72]. In addition, Ozeki et al. [81] indicated the
emergence of TiO2 peaks after heat treatment at
500 oC due to the enhanced crystallinity. On the
other hand, Wen et al. [91] confirmed that there
is no noticeable change in XRD patterns of the
coatings heat treated at 400 oC, while HAp phase
can be formed with temperature rise up to 600 oC
. In addition, the crystallinity of this phase was
found to enhance with increase in temperature
over the range 700-800 oC. Moreover, the studies

3.1.2. Phase structure
The structure and present phases of HAp-TiO2
multilayer coatings are widely studied using X-ray
diffraction (XRD), fourier transform infrared
spectroscopy (FTIR), and Raman spectroscopy [43,
63, 92].
Overall, the investigations are highly focused on
detection of present phases and growth planes as
well as grain size measurement. Also, the influence
of processing parameters and heat treatment, as
well as the role of TiO2 layer is widely evaluated [71,
79, 80, 84, 90, 91].
For as-deposited coatings, it can be expected
to observe the typical peaks related to HAp and
TiO2 phases, accompanied by peaks assigned to
the used substrates, especially in the case of the
coatings with low thickness. In general, change
in processing parameters such as voltage of MAO
and formulation in sol gel can remarkably alter
the relative intensity of HAp and TiO2 peaks
[71]. For instance, Lee et al. [80] proved that the
intensity of HAp peaks decreases with increase in
voltage amount from 190 to 210 V, however, TiO2
peaks show opposite trend. Interestingly, they
demonstrated that HAp peaks fully disappeared
with further increase in voltage to 230 V.
It should be noted that TiO2 phase can be

Fig. 6- XRD patterns of HAp-TiO2 multilayer coatings (three-time coated) deposited by sol gel route after heat
Fig. 6- XRD patterns of HAp-TiO2 multilayer
coatings
deposited
by [2].
sol gel route after heat treatment at 400oC,
treatment
at (three-time
400ᵒ, 500ᵒ,coated)
or 600ᵒC
for 30 min
o
o
500 c or 600 C for 30 min [72].
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on the possibility of reaction between TiO2 and
HAp layers during heat treatment have resulted
in contradictory conclusions, wherein Ozeki et al.
[81] showed that these layer did not react within
heat treatment at 500 oC owing to insufficient heat
energy for initiation of chemical reactions, while
Wen et al. [91] demonstrated that CaTiO3 can be
formed throughout the microstructure of the heat
treated coatings at 600-800 oC, in accordance with
the following equation:
Ca10(PO4 )6 (OH)2 + TiO2 → 3Ca 3 (PO4 )2 + CaTiO3 + H2 O

crystallite size of HAp-Al2O3-TiO2 multilayer
coatings is 35-65 nm. Furthermore, Lee et al.
[78] have measured the mean grain size of both
HAp and TiO2 single layers, as well as HAp-TiO2
multilayer coating after heat treatment at 500-600
o
C. The reported results are as follows: the grain size
of TiO2 single layer 40-100 nm, HAp single layer
250-350 nm, and HAp-TiO2 multilayer coating has
similar or slightly larger particles than TiO2 single
layer. Tomaszek et al. [85] have demonstrated the
deposition of HAp-TiO2 multilayer coating with
mean crystallite size of 37-42 nm by plasma spray
route. Fig. 7 indicates the HRTEM image of a HAp
particle taken from HAp/TiO2 bilayer coating and
shows nanosized structure (about 20 nm) of the
coating.

(eq. 1)

(eq. 1)

Based on reported XRD and Raman
spectroscopy results, it can be
inferred
that the
+
−
2 O → TiO2 + 4H + 4e (eq. 2)
applicationTiof+ 2H
TiO
interlayer
has
two
main
effects
2
on the microstructure of the multilayer coatings,
as: (i) improvement in crystallization [90]; and
(ii) decrement in HAp decomposition because
this interlayer acts as barrier which restricts the
amount of released metallic ions from the substrate
+
2+
Ca10 (PO
→ 10
+
6PO3−
+ H2 O (eq.
3)
[84].
Nevertheless,
etCaal.
[78]
the
4 )6 (OH)2 + 2HLee
4confirmed
insignificant effects of this layer on the phase
structure and crystallization temperature of the
multilayer coatings.
Generally, HAp-TiO2 multilayer coatings
are mostly composed of ultrafine or nano sized
crystallites [77, 78, 85, 89, 94]. For instance,
Palanivelu et al. [77] have indicated that the mean

3.1.3. Mechanical properties
The studies concerned the mechanical
properties of HAp-TiO2 bio-coatings have mainly
focused on the evaluation of the adhesion strength
and hardness of these coatings. Results indicate
that there are four factors including (i) features
of TiO2 interlayer such as thickness, (ii) post heat
treatments, (iii) processing parameters such as voltage
in EPD, and (iv) doping HAp with other elements
may outstandingly alter the mechanical properties
of the coatings [43, 61, 63, 78, 79, 84, 87, 88, 92].
Practical results demonstrated that the bonding
strength of the synthesized HAp-TiO2 coating may

Fig. 7- HRTEM image of a HAp particle taken from HAp/TiO2 bilayer coating [3].

Fig. 7- HRTEM image of a HAp particle taken from HAp/TiO2 bilayer coating [55].
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deeply affected by the features of the TiO2 layer
including crystallinity, thickness, and uniformity.
For instance, it is revealed that the less the
thickness, the superior the bonding strength is.
This is attributed to the lower thermal mismatch
arise from the thinner TiO2 layer [79, 88].
In general, the adhesion strength of HAp
coatings can significantly improve (up to 60%) with
application of a dense TiO2 interlayer. In order to
clarify the issue, Albayrak et al. [84] have deposited
the coatings by EPD method using three different
voltages, e.g. 10, 20, and 50 V, and they proved
that the coatings deposited at 50 and 20 V exhibit
lower adhesion strength than the single layer HAp
ones. It is to be noted that they incorporated nanosized HAp and TiO2 particles. Nevertheless, the
adhesion strength of the bilayer coatings enhance
and become more than the single layer ones with
decrease in voltage amount to 10 V. This means

that the adhesion strength of the HAp coatings can
not only increase by incorporation of an interlayer
and controlling the processing parameters is also of
outstanding significance.
The main reason behind the adhesion strength
improvement with application of TiO2 interlayer is
desirable chemical affinity of TiO2 interlayer to the
substrate, especially when using Ti and Ti-based
alloys substrates, which may lead to the formation
of a defectless, dense, and more uniform interface.
On the other hand, it can greatly improve the
wettability between HAp and the substrate [43,
63]. Also, incorporation of a TiO2 interlayer was
found to alter the failure location, wherein single
HAp coatings fail through the interface of HAp and
substrate, while HAp-TiO2 failure occurs at only
HAp-TiO2 interface [78] or at both interfaces of
HAp-TiO2 and TiO2-substrate [88].
Altogether, there are two parameters involved

Fig. 8- The bonding strength of HAp-TiO2 multilayer coatings to the substrate versus heat treatment
Fig. 8- The bonding strength of HAp-TiO2 multilayertemperature.
coatings to the substrate versus heat treatment temperature.
Table 4- Effect of application TiO2 interlayer on the adhesion strength of HAp single layer coatings
Table 4- Effect of application TiO2 interlayer on the adhesion strength of HAp single layer coatings

Type of coating
HAp
HAp-TiO2
HAp
HAp-TiO2
HAp
HAp-TiO2
HAp
HAp-TiO2
HAp
HAp-TiO2
HAp
HAp-TiO2
HAp
HAp-TiO2
(HAp+Mg)-TiO2

Fabrication method
EPD
EPD
Sol gel (spin coating)
Electron beam deposition
EPD+ED
20 V anodizing for 28 min+
Electrochemical deposition
20 V anodizing for 60 min+
Electrodeposition

10

Adhesion strength (MPa)
11±1.5
24±1.1
13.8±1.8
21.0±2.9
~22
~22
85
90
15.6
48.2
3.22
7.41
10.2
17.3
18.1

Ref.
[5]
[6]
[7]
[8]
[9]
[10]
[11]

Safavi S, J Ultrafine Grained Nanostruct Mater, 52(1), 2019, 1-17

in the promotion of the adhesion strength of HApthe coatings. Moreover, a dense TiO2 interlayer
TiO2 coatings after heat treatment, as: (i) Possible
satisfactorily prevent the ions and electrons
reactions between HAp and TiO2 layers during the
transportation along the implant and SBF electrolyte
heat treatment process. In the case that both of
[63, 88]. Generally, the more the thick interlayer
HAp and TiO2 layers are in amorphous form before
the better the corrosion resistance, however,
the heat treatment process, they can interact at
according to the effects of interlayer thickness on
atomic scale. is one of the possible products of such
the bonding strength of the coatings, care must be
reactions; and (ii) generation of more powerful
taken to control the thickness in such a way that
mechanical interlocking originated from the
it can provide optimum efficiency. Kim et al. [88]
increased surface roughness at the interface of the
reported that a TiO2 interlayer with approximately
layers during the heat treatment [63, 78]. Although
200 nm thickness shows favorable corrosion
application of heat treatment is a significant
properties combined with acceptable adhesion
approach to improve the bonding strength of
strength. Furthermore, results demonstrated that
these coatings, selecting an optimum temperature
HAp-TiO2 multilayer coatings have the nobler open
for such treatments are more important, where
circuit potential (OCP) than a single layer HAp
Kim et al. [88] have assessed the influence of
coating. Morphological assessments after corrosion
the temperature of heat treatment process and
test confirmed the generation of numerous pores
demonstrated that the bonding strength of HApthroughout the microstructure of the HAp- based
TiO2 coatings markedly increases with temperature
coatings. Nevertheless, the size of these pores
rise from 400 to 500 oC. Fig. 8 shows the bonding
noticeably decreases when a dense TiO2 layer
strength of HAp-TiO2 multilayer coatings to the
deposits between the implant and HAp coating,
Ca10(PO4 )6 (OH)2 + TiO2 → 3Ca 3 (PO4 )2 + CaTiO3 + H2 O (eq. 1)
substrate versus heat treatment temperature.
thereby hindering the straight contact between
It is to be noted that doping HAp with Mg
can
corrosive
medium and implant. The mechanism
Ca10(PO4 )6 (OH)
(eq. 1)
2 + TiO2 → 3Ca 3 (PO4 )2 + CaTiO3 + H2 O
slightly increases the bonding strength due to
concerning the formation of pores during corrosion
production of the denser of HAp layer [87]. Table 4
test, are as follows: (i) Formation of H+ ions at the
presents the effect of application TiO2 interlayer on
surface of the implant according to the following
the adhesion strength of HAp single layer coatings.
reaction: Ti + 2H O → TiO + 4H + + 4e− (eq. 2)
2

2

Ti + 2H2 O → TiO2 + 4H + 4e− (eq. 2)
3.1.4. Corrosion behavior
(eq. 2)
The biomaterials incorporated into the human
body, especially those that are supposed to work
(ii) Acidification of the medium by producing
for long period, are exposed to localized attacks
H+ ions, which consequently dissolves HAp and
originated from the harsh biological influences.
forms larger pores, as:
This can result in relaxation of many cytotoxic
Ca10 (PO4 )6 (OH)2 + 2H + → 10 Ca2+ + 6PO3−
(eq. 3)
corrosion products which may dramatically alter
4 + H2 O
the cell life and performance. Therefore, Ca
it is(PO ) (OH) + 2H + → 10 Ca2+ + 6PO3− + H O (eq.(eq.
3) 3)
10
4 6
2
4
2
essential to protect the fabricated bio-implants via
anti-corrosive bio-coatings [90, 95].
Yan et al. [87] compared the corrosion
A vast majority of studies proved the positive
resistance of Ti sheets protected by HAp-TiO2
effects of TiO2 interlayer on the corrosion behavior
and magnesium-doped HAp-TiO2 coatings. They
of HAp-TiO2 bio-coatings. More importantly, the
demonstrated that Ti sheets coated by magnesiumthickness of this interlayer plays a critical role in
doped HAp-TiO2 coatings exhibit superior
determining the final corrosion performance of
corrosion properties. Nevertheless, the mechanism
+

Table5-5-corrosion
corrosion current
density
and and
corrosion
potentials
of HAp-TiO
deposited
on titanium
based
by various
Table
current
density
corrosion
potentials
of2 coatings
HAp-TiO2
coatings
deposited
onalloys
titanium
based
techniques
alloys by various techniques

Reported Ecorr

Reported Icorr

Fabrication method

Ref.

-75.69 (mV)

0.10 (µA cm-2)

EPD

[9]

-0.315 (V)

---

Electrochemical deposition

[11]

-339 (mV)

0.28 (µA cm-2)

ED

[12]
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involved in this enhancement is not reported. On
the other hand, the results reported by Etminanfar
et al. [94] revealed that the corrosion resistance of
NiTi substrate which contains TiO2 /HAp bilayer
coating is less than a single layer HAp coating.
The difference in electrodeposition mechanism
of nanostructured HAp coating and localized
corrosion of TiO2 layer is proposed to clarify the
obtained results. Table 5 provides an overview
on the corrosion current density and corrosion
potentials of HAp-TiO2 coatings deposited on
titanium based alloys by various techniques.

coatings. Only one study conducted by Chou et
al. [97] in which they compared the morphology
of HAp-ZrO2 coating with the single HAp-ZrO2
composite coating. They demonstrated that the
inclusion of ZrO2 particles into HAp layer degrades
the melting condition of the coating and results
in the generation of more unmelted particles
throughout the microstructure of this coating than
un-reinforced one [97]. The generation of unmelted
particles in both coatings may originated from the
poor thermal conductivity of HAp layer, which
prevents the generated heat during the plasma
spray to reach to the some particles. However, these
unmelted particles do not always have a negative
effect on the properties of the coatings so that
they can properly act as binder and preserve the
integrity of coating [96].
It is believed that the ZrO2 interlayer can
appropriately bond to HAp layer and increase the
bonding strength of the coatings which will be
discussed in the next section. Here, it should be
noted that the surface roughness of the coatings
significantly increases with embedding ZrO2 layer.
Fig. 9 exhibits the SEM cross-section image of
HAp-ZrO2 coatings.
Literature have mainly attempt to assess the
probable diffusion between the layers and also
finding out the mechanisms involved in such
diffusion [98-100]. Studies on the interface of HAp

3.2. HAp-ZrO2
Compared to HAp-TiO2 system, fewer studies
have been done to deal with the various properties
of HAp-ZrO2 multilayer coatings. The major aim
behind the incorporation of ZrO2 interlayer is to
enhance the bonding strength between the implant
and HAp coating. Almost all of studies have
employed plasma spray method for deposition of
these multilayer coatings [96-99]. Besides, pulsed
laser deposition method has been used [100].
3.2.1. Morphological features and phase
evaluation
A review on the present investigations prove
that there is no study dealt with the assessment of
surface morphology in the HAp-ZrO2 multilayer

Fig. 9- SEM cross-section image of HAp-ZrO2 coatings, wherein T, Z, and H letters refer to Ti substrate, ZrO2,
and, HAp respectively [15].
Fig. 9- SEM cross-section image of HAp-ZrO2 coatings, wherein T, Z, and H letters refer to Ti substrate, ZrO2, and, HAp respectively
[99].
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and ZrO2 layers clearly reveal the diffusion of Ca
ions form HAp to ZrO2 interlayer which can form
a diffusion bond, thereby improving the adhesion
between the layers. The detailed mechanism for
this diffusion is not illustrated in both papers
[98, 99]. On the other hand, during synthesizing
HAp single layer, it was shown that the present
Ti ions in Ti based substrates can diffuse to HAp
layer and form TiO2 during next heat treatment
process. Application of ZrO2 interlayer can suitably
hinder this diffusion [100]. Although, there is no
discussion concerning the possible advantageous
or disadvantageous of hindering diffusion with
application of the interlayer, it was reported in
section 3.1.2 that metallic ions can result in HAp
decomposition.
Obtained XRD patterns for HAp- ZrO2
multilayer coatings demonstrate the presence
of both HAp and ZrO2 phases throughout the
microstructure of the coatings and there is no peak
indicating the formation of other phases[100].
All in all, the present studies about the
morphological features of such coatings cannot
fulfil the demands of researchers and deep
investigation are needed to fully clarify the relation
between the various factors and microstructural
properties.

of ZrO2 interlayer; and (iv) probable interdiffusion
between the existing layers generating diffusion
bond [96-98].
In addition, empirical studies demonstrated a
further improvement in bonding strength of the
multilayer coatings with inclusion of ZrO2 second
phase to HAp layer [96]. Note that the adhesion
strength of HAp+ZrO2 composite coating is still
less than HAp-ZrO2 multilayer one [97]. The
fracture surface of the multilayer coatings exhibit
less area percentage of adhesive failure than single
layer ones, indicating the enhancement in cohesive
strength [97].
In order to guarantee the positive effects of
post heat treatment on the bonding strength of asdeposited multilayer coatings, it is vital to select
optimum temperature. For example, Lee et al. [96]
have reported that the coatings heat treated at 650750 oC exhibit the strongest adhesion to the implant.
It is concluded that the higher temperatures may
degrade the adhesion due to the generation of more
severe dilation mismatch at HAp- ZrO2 interface.
Post heat treatment promotes the bonding
strength of the plasma sprayed coatings through
favorable crystallization of HAp layer which leads
to the extensive volume shrinkage of this layer,
thereby forming a loose structure accompanied by
enhanced fracture toughness. Table 6 represents
the bending strength values of HAp single layer and
HAp-ZrO2 multilayer coatings.

3.2.2. Mechanical properties
Generally speaking, the present investigations
mainly address the influences of deposition of
ZrO2 interlayer as well as post heat treatment on
the mechanical properties of the coatings. Almost
all of the results demonstrate the improvement
in adhesion strength of HAp layer with substrate
through application of ZrO2 interlayer [96-98, 100].
The proposed mechanisms for such enhancement
are as follows: (i) increase in interfacial reactions
at HAp-ZrO2 interface rather than HAp-substrate
interface; (ii) decrease in thermal mismatch between
substrate and HAp layer; (iii) improvement in
mechanical interlocking arise from rough surface

4. HAp-polymeric systems
4.1. HAp-Chitosan
Among polymeric materials, chitosan is
commonly used for fabrication of HAp-based
multilayer coatings. As mentioned previously,
pure HAp coatings have inappropriate adhesion
to the implants. An incorporation of chitosan
layer can properly overcome this challenge
[62, 64]. Moreover, it can positively affect the
biocompatibility of the coating and provide a
precise control on drug release process [101,

Table 6- Bending
strength
values
HAp single
single layer
andand
HAp-ZrO
multilayer
coatings
2
Table 6- Bending
strength
values
ofofHAp
layer
HAp-ZrO
2 multilayer coatings
Type of coating
Fabrication method
Adhesion strength (MPa)
Ref.
HAp
28
Plasma spray
[13]
HAp-ZrO2
34
HAp
28.6±3.2
Plasma spray
[14]
HAp-ZrO2
36.2±3.0
HAp
28.6±3.22
Plasma spray
[15]
HAp-ZrO2
36.2±3.02
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102]. There are multiple studies investigating the
fabrication methods as well as the properties of
the HAp-chitosan composite coatings, however,
the properties of HAp-chitosan multilayer coatings
have been less addressed. Unlike HAp-ceramic
systems wherein HAp layer is located at the top of
the multilayer coating, in HAp-polymeric systems,
it can be placed at both bottom and top layer [62].
Electrochemical methods such as ED [102, 103]
and EPD [39, 62], dip coating [101], and layer by
layer deposition technique [104] have been widely
employed in order to produce the HAp-chitosan
multilayer coatings.

in other words, the role of each layer e.g. HAp and
chitosan, in corrosion behavior enhancement has
not been well elucidate [62, 103].
4.2. HAp-other polymers
In addition to chitosan, there are other polymers
such as collagen, polycaprolactone and poly-LLactide (PLLA) which have been used to produce
HAp-polymeric multilayer coatings. Dip coating
and layer by layer (LBL) methods have been
employed for fabrication of such coatings [30,
106]. Nie et al. [106] have produced HAp-PLLA
multilayer coating with 2-5 layers. The deposited
coatings was found to be smooth and can suitably
reduce the porosity of protected scaffold with
increase in the number of layers from 2 to 5.
Accordingly, the compressive strength of the coated
scaffold is improved with number of layers.

4.1.1. Morphological features and phase
evaluation
Altogether, there are three types of morphologies
reported for HAp-chitosan multilayer coatings,
as: (i) spindle-like, (ii) regular shape, and (iii)
trace need-like [31, 105]. Also, in some cases, it
is observed that the deposited multilayer coatings
can preserve the morphology of the incorporated
HAp layer. For instance, Liu et al. [101] used HAp
nanorods with 20 nm diameter to produce HAp/
chitosan/carbon fiber felts multilayer coatings.
Also, it is exhibited that the deposited upper
layers may satisfactorily fills the present pores in the
microstructure of the lower layers, thereby creating
an opportunity to achieve a smoother surface [102].
For HAp-chitosan multilayer coatings, almost all
of the presented cross section images showed the
favorable adhesion of the deposited layers to each
other and to the substrate [62, 64, 103].
The phase analysis of HAp-chitosan multilayer
coatings exhibits that the main phase of these
coatings is HAp with low degree of crystallinity
[101, 105]. Nevertheless, the peaks related to
chitosan can also be observed. Moreover, the
elemental analysis results are slightly different
from each other so that the reported value for
Ca/P molar ratio of such coatings varies over the
range 1.36 [101] to 1.67 [105] which confirms the
presence of some other calcium phosphate phases
when the Ca/P ratio is not 1.67.

5. Concluding remarks and outlook
The present review has attempted to introduce
the common methods for fabrication of HApcontaining
multilayer
coatings
including
electrochemical, sol-gel, and plasma spray routs. It
also presents a wide overview of the morphological,
microstructural, mechanical, and corrosion
properties of HAp-ceramic and HAp-polymeric
multilayer coatings. It was clearly highlighted that
the main drawback in pure HAp coatings is their
poor adhesion to the implants.
The studies in the field of HAp-ceramic systems
showed that the deposited ceramic layers, e.g.
TiO2 and ZrO2, are strongly adherent to HAp and
substrate which leads to a remarkable improvement
in the mechanical and corrosion behavior of pure
HAp coatings. It was found that the (i) processing
parameters, (ii) post heat treatments, (iii) doping
the HAp layer with other elements, and (iv) features
of deposited interlayer, thickness in particular,
are of influencing factors which may alter the
final properties of theses multilayer coatings.
Despite the large number of studies performed
so far, drawing a correlation between processing
parameters and final properties of the coatings as
well as investigating the involved mechanisms in
increasing the mechanical and corrosion properties,
is still a challenge for HAp-ceramic systems.
Unlike HAp-ceramic systems, there are less
studies dealt with the HAp-polymeric systems. It
can be easily noted that there is a dramatic need
for detailed evaluation of the involved factors in
increasing the final properties of HAp coating

4.1.2. Corrosion behavior
Although the performed studies demonstrated
that the corrosion resistance of the substrates
can be considerably improved with deposition of
HAp-chitosan multilayer coatings, the mechanism
involved in such improvement is not discussed so
far. Furthermore, the distinct effects of each layer,
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with incorporation of the polymeric layers. Also,
practical studies are needed to assess the influence
of processing parameters and post heat treatments
on the features of such coatings.
Albeit the mechanical and corrosion properties
of the implants are of primary significance in
biomedical applications, there are no sufficient
investigations concerning these properties in
the case of HAp containing multilayer coatings,
especially in HAp-polymeric ones. Therefore,
further studies will be needed to deeply evaluate
the mechanisms involved in the mechanical and
corrosion behavior accompanied by presenting
novel approaches to enhance their properties. Also,
application of new and high efficiency techniques
such as metal organic chemical vapor deposition
(MOCVD) for deposition of either HAp or
ceramic/polymeric layers can be a favorable goal
for future studies.
Altogether, according to the reviewed features
in the previous sections, HAp based multilayer
coatings have bright prospect since they benefit
from biocompatibility as well as the enhanced
adhesion to the substrate.

Coatings Technology. 2006;200(16-17):5020-7.
14. Espallargas N, Torres C, Muñoz AI. A metal ion release study
of CoCrMo exposed to corrosion and tribocorrosion conditions
in simulated body fluids. Wear. 2015;332-333:669-78.
15. Kaya C. Electrophoretic deposition of carbon nanotubereinforced hydroxyapatite bioactive layers on Ti–6Al–4V
alloys for biomedical applications. Ceramics International.
2008;34(8):1843-7.
16. Wataha JC. Biocompatibility of dental casting alloys: A
review. The Journal of Prosthetic Dentistry. 2000;83(2):223-34.
17. Ryu JJ, Shrotriya P. Influence of roughness on surface
instability of medical grade cobalt–chromium alloy (CoCrMo)
during contact corrosion–fatigue. Applied Surface Science.
2013;273:536-41.
18. Santin M, Phillips G. History of Biomimetic, Bioactive and
Bioresponsive Biomaterials. Biomimetic, Bioresponsive, and
Bioactive Materials: John Wiley & Sons, Inc.; 2012. p. 1-34.
19. Rabiee SM, Moztarzadeh F, Solati-Hashjin M. Synthesis and
characterization of hydroxyapatite cement. Journal of Molecular
Structure. 2010;969(1-3):172-5.
20. Hutmacher DW, Schantz JT, Lam CXF, Tan KC, Lim TC.
State of the art and future directions of scaffold-based bone
engineering from a biomaterials perspective. Journal of Tissue
Engineering and Regenerative Medicine. 2007;1(4):245-60.
21. Jiao Y-P, Cui F-Z. Surface modification of polyester
biomaterials for tissue engineering. Biomedical Materials.
2007;2(4):R24-R37.
22. Yoo HS, Kim TG, Park TG. Surface-functionalized
electrospun nanofibers for tissue engineering and drug delivery.
Advanced Drug Delivery Reviews. 2009;61(12):1033-42.
23. Ishikawa Y, Komotori J, Senna M. Properties of
Hydroxyapatite - Hyaluronic Acid Nano-Composite Sol and its
Interaction with Natural Bones and Collagen Fibers. Current
Nanoscience. 2006;2(3):191-6.
24. Dawson JI, Wahl DA, Lanham SA, Kanczler JM, Czernuszka
JT, Oreffo ROC. Development of specific collagen scaffolds
to support the osteogenic and chondrogenic differentiation
of human bone marrow stromal cells. Biomaterials.
2008;29(21):3105-16.
25. Multigner M, Frutos E, González-Carrasco JL, Jiménez JA,
Marín P, Ibáñez J. Influence of the sandblasting on the subsurface
microstructure of 316LVM stainless steel: Implications on the
magnetic and mechanical properties. Materials Science and
Engineering: C. 2009;29(4):1357-60.
26. Li D, Liu B, Han Y, Xu K. Effects of a Modified Sandblasting
Surface Treatment on Topographic and Chemical Properties of
Titanium Surface. Implant Dentistry. 2001;10(1):59-64.
27. Kim Y-W. Surface Modification of Ti Dental Implants
by Grit-Blasting and Micro-Arc Oxidation. Materials and
Manufacturing Processes. 2010;25(5):307-10.
28. Ding S. Properties and immersion behavior of magnetronsputtered multi-layered hydroxyapatite/titanium composite
coatings. Biomaterials. 2003;24(23):4233-8.
29. Tang Z, Wang Y, Podsiadlo P, Kotov NA. Biomedical
Applications of Layer-by-Layer Assembly: From Biomimetics to
Tissue Engineering. Advanced Materials. 2006;18(24):3203-24.
30. Kim TG, Park S-H, Chung HJ, Yang D-Y, Park TG.
Microstructured scaffold coated with hydroxyapatite/collagen
nanocomposite multilayer for enhanced osteogenic induction of
human mesenchymal stem cells. Journal of Materials Chemistry.
2010;20(40):8927.
31. Yang W, Xi X, Si Y, Huang S, Wang J, Cai K. Surface
engineering of titanium alloy substrates with multilayered
biomimetic hierarchical films to regulate the growth behaviors
of osteoblasts. Acta Biomaterialia. 2014;10(10):4525-36.
32. Narayan RJ. Hydroxyapatite–diamondlike carbon
nanocomposite films. Materials Science and Engineering: C.
2005;25(3):398-404.
33. Heimann RB. Thermal spraying of biomaterials. Surface and
Coatings Technology. 2006;201(5):2012-9.
34. Cannillo V, Lusvarghi L, Sola A. Design of Experiments
(DOE) for the Optimization of Titania-hydroxyapatite

References
1. Teoh S. Fatigue of biomaterials: a review. International Journal
of Fatigue. 2000;22(10):825-37.
2. Geetha M, Singh AK, Asokamani R, Gogia AK. Ti based
biomaterials, the ultimate choice for orthopaedic implants – A
review. Progress in Materials Science. 2009;54(3):397-425.
3. Abdel-Hady Gepreel M, Niinomi M. Biocompatibility of Tialloys for long-term implantation. Journal of the Mechanical
Behavior of Biomedical Materials. 2013;20:407-15.
4. Marti A. Cobalt-base alloys used in bone surgery. Injury.
2000;31:D18-D21.
5. Taddei EB, Henriques VAR, Silva CRM, Cairo CAA.
Production of new titanium alloy for orthopedic implants.
Materials Science and Engineering: C. 2004;24(5):683-7.
6. Dave V, Bhadauriya R, Darji N, Chaudhary S, Gohil G. Labor
grid: For effective labor migration. 2012 Third International
Conference on Emerging Applications of Information
Technology; 2012/11: IEEE; 2012.
7. Niinomi M. Metallic biomaterials. Journal of Artificial
Organs. 2008;11(3):105-10.
8. Okazaki Y, Gotoh E. Comparison of metal release from various
metallic biomaterials in vitro. Biomaterials. 2005;26(1):11-21.
9. Navarro M, Michiardi A, Castaño O, Planell JA. Biomaterials
in orthopaedics. Journal of The Royal Society Interface.
2008;5(27):1137-58.
10. Manivasagam G, Dhinasekaran D, Rajamanickam A.
Biomedical Implants: Corrosion and its Prevention - A
Review~!2009-12-22~!2010-01-20~!2010-05-25~!
Recent
Patents on Corrosion Science. 2010;2(1):40-54.
11. Niinomi M, Nakai M, Hieda J. Development of new
metallic alloys for biomedical applications. Acta Biomaterialia.
2012;8(11):3888-903.
12. Niinomi M. Recent metallic materials for biomedical
applications. Metallurgical and Materials Transactions A.
2002;33(3):477-86.
13. Türkan U, Öztürk O, Eroğlu AE. Metal ion release from
TiN coated CoCrMo orthopedic implant material. Surface and

15

Safavi S, J Ultrafine Grained Nanostruct Mater, 52(1), 2019, 1-17
Functionally Graded Coatings. International Journal of Applied
Ceramic Technology. 2009;6(4):537-50.
35. Besra L, Liu M. A review on fundamentals and applications
of electrophoretic deposition (EPD). Progress in Materials
Science. 2007;52(1):1-61.
36. Sato N, Kawachi M, Noto K, Yoshimoto N, Yoshizawa
M. Effect of particle size reduction on crack formation
in electrophoretically deposited YBCO films. Physica C:
Superconductivity. 2001;357-360:1019-22.
37. Pang X, Zhitomirsky I. Electrodeposition of composite
hydroxyapatite–chitosan films. Materials Chemistry and
Physics. 2005;94(2-3):245-51.
38. Pang XIN, Zhitomirsky I. ELECTRODEPOSITION OF
NANOCOMPOSITE ORGANIC–INORGANIC COATINGS
FOR BIOMEDICAL APPLICATIONS. International Journal of
Nanoscience. 2005;04(03):409-18.
39. Grandfield K, Zhitomirsky I. Electrophoretic deposition of
composite hydroxyapatite–silica–chitosan coatings. Materials
Characterization. 2008;59(1):61-7.
40. Grandfield K, Sun F, FitzPatrick M, Cheong M, Zhitomirsky
I. Electrophoretic deposition of polymer-carbon nanotube–
hydroxyapatite composites. Surface and Coatings Technology.
2009;203(10-11):1481-7.
41. Pang X, Zhitomirsky I. Electrophoretic deposition of
composite hydroxyapatite-chitosan coatings. Materials
Characterization. 2007;58(4):339-48.
42. Manso M. Electrodeposition of hydroxyapatite coatings in
basic conditions. Biomaterials. 2000;21(17):1755-61.
43. Araghi A, Hadianfard MJ. Fabrication and characterization
of functionally graded hydroxyapatite/TiO2 multilayer coating
on Ti–6Al–4V titanium alloy for biomedical applications.
Ceramics International. 2015;41(10):12668-79.
44. Zhitomirsky I. Cathodic electrodeposition of ceramic and
organoceramic materials. Fundamental aspects. Advances in
Colloid and Interface Science. 2002;97(1-3):279-317.
45. Zhitomirsky I. Electrophoretic hydroxyapatite coatings and
fibers. Materials Letters. 2000;42(4):262-71.
46. Wei M, Ruys AJ, Milthorpe BK, Sorrell CC, Evans JH.
Journal of Sol-Gel Science and Technology. 2001;21(1/2):39-48.
47. Electrodeposition of Alloys: PRINCIPLES and PRACTICE.
Electrodeposition of Alloys: Elsevier; 1963. p. ii.
48. Shibli SMA, Jayalekshmi AC. Development of phosphate
inter layered hydroxyapatite coating for stainless steel implants.
Applied Surface Science. 2008;254(13):4103-10.
49. Safavi MS, Babaei F, Ansarian A, Ahadzadeh I. Incorporation
of Y2O3 nanoparticles and glycerol as an appropriate approach
for corrosion resistance improvement of Ni-Fe alloy coatings.
Ceramics International. 2019;45(8):10951-60.
50. Electrodeposition. Modern Aspects of Electrochemistry:
Springer New York; 2010.
51. Rasooli A, Safavi MS, Kasbkar Hokmabad M. Cr2O3
nanoparticles: A promising candidate to improve the mechanical
properties and corrosion resistance of Ni-Co alloy coatings.
Ceramics International. 2018;44(6):6466-73.
52. Safavi MS, Rasooli A. Ni-P-TiO2 nanocomposite coatings
with uniformly dispersed Ni3Ti intermetallics: effects of TiO2
nanoparticles concentration. Surface Engineering. 2019:1-11.
53. Fathyunes L, Khalil-Allafi J, Sheykholeslami SOR,
Moosavifar M. Biocompatibility assessment of graphene
oxide-hydroxyapatite coating applied on TiO 2 nanotubes by
ultrasound-assisted pulse electrodeposition. Materials Science
and Engineering: C. 2018;87:10-21.
54. Azar Z, Khalil-Allafi J, Etminanfar MR. Electrocrystallization of hydroxyapatite coatings on Nitinol rotating
disk electrode. Materials Research Express. 2019;6(5):055401.
55. Azar Z, Khalil-Allafi J, Etminanfar MR. Electrocrystallization of hydroxyapatite coatings on Nitinol rotating
disk electrode. Materials Research Express. 2019;6(5):055401.
56. Marashi-Najafi F, Khalil-Allafi J, Etminanfar MR.
Biocompatibility of hydroxyapatite coatings deposited by pulse
electrodeposition technique on the Nitinol superelastic alloy.
Materials Science and Engineering: C. 2017;76:278-86.

57. Etminanfar MR, Heydarzadeh Sohi M. HARDNESS STUDY
OF THE PULSE ELECTRODEPOSITED NANOSCALE
MULTILAYERS OF CR-NI. International Journal of Modern
Physics: Conference Series. 2012;05:679-86.
58. Etminanfar MR, Heydarzadeh Sohi M. Corrosion resistance
of multilayer coatings of nanolayered Cr/Ni electrodeposited
from Cr(III)–Ni(II) bath. Thin Solid Films. 2012;520(16):53227.
59. Dickerson JH. Electrophoretic Deposition of Nanocrystals
in Non-polar Solvents. Nanostructure Science and Technology:
Springer New York; 2011. p. 131-55.
60. Ghosh SK, Hatwar TK. Preparation and characterization of
reactively sputtered silicon nitride thin films. Thin Solid Films.
1988;166:359-66.
61. Wang Y-q, Tao J, Wang L, He P-t, Wang T. HA coating on
titanium with nanotubular anodized TiO2 intermediate layer
via electrochemical deposition. Transactions of Nonferrous
Metals Society of China. 2008;18(3):631-5.
62. Pang X, Casagrande T, Zhitomirsky I. Electrophoretic
deposition of hydroxyapatite–CaSiO3–chitosan composite
coatings. Journal of Colloid and Interface Science.
2009;330(2):323-9.
63. Rath PC, Besra L, Singh BP, Bhattacharjee S. Titania/
hydroxyapatite bi-layer coating on Ti metal by electrophoretic
deposition: Characterization and corrosion studies. Ceramics
International. 2012;38(4):3209-16.
64. Sun F, Pang X, Zhitomirsky I. Electrophoretic deposition of
composite hydroxyapatite–chitosan–heparin coatings. Journal
of Materials Processing Technology. 2009;209(3):1597-606.
65. Combes C, Rey C. Amorphous calcium phosphates:
Synthesis, properties and uses in biomaterials. Acta
Biomaterialia. 2010;6(9):3362-78.
66. Costa DO, Dixon SJ, Rizkalla AS. One- and ThreeDimensional Growth of Hydroxyapatite Nanowires during
Sol–Gel–Hydrothermal Synthesis. ACS Applied Materials &
Interfaces. 2012;4(3):1490-9.
67. Sidane D, Chicot D, Yala S, Ziani S, Khireddine H, Iost A, et
al. Study of the mechanical behavior and corrosion resistance
of hydroxyapatite sol–gel thin coatings on 316 L stainless steel
pre-coated with titania film. Thin Solid Films. 2015;593:71-80.
68. Sidane D, Khireddine H, Yala S, Ziani S, Bir F, Chicot D.
Morphological and Mechanical Properties of Hydroxyapatite
Bilayer Coatings Deposited on 316L SS by Sol–Gel Method.
Metallurgical and Materials Transactions B. 2015;46(5):2340-7.
69. Asri RIM, Harun WSW, Hassan MA, Ghani SAC, Buyong
Z. A review of hydroxyapatite-based coating techniques: Sol–
gel and electrochemical depositions on biocompatible metals.
Journal of the Mechanical Behavior of Biomedical Materials.
2016;57:95-108.
70. Lim Y-M, Hwang K-S, Park Y-J. Journal of Sol-Gel Science
and Technology. 2001;21(1/2):123-8.
71. Xu W, Hu W, Li M, Wen Ce. Sol–gel derived hydroxyapatite/
titania biocoatings on titanium substrate. Materials Letters.
2006;60(13-14):1575-8.
72. Ün S, Durucan C. Preparation of hydroxyapatite-titania
hybrid coatings on titanium alloy. Journal of Biomedical Materials
Research Part B: Applied Biomaterials. 2009;90B(2):574-83.
73. Kim H-W, Kim H-E, Knowles JC. Fluor-hydroxyapatite
sol–gel coating on titanium substrate for hard tissue implants.
Biomaterials. 2004;25(17):3351-8.
74. Kim H-W, Kim H-E, Knowles JC. Fluor-hydroxyapatite
sol–gel coating on titanium substrate for hard tissue implants.
Biomaterials. 2004;25(17):3351-8.
75. Heimann RB. Plasma‐Spray Coating: Wiley; 1996
1996/09/26.
76. Sun L, Berndt CC, Gross KA, Kucuk A. Material fundamentals
and clinical performance of plasma‐sprayed hydroxyapatite
coatings: A review. Journal of Biomedical Materials Research.
2001;58(5):570-92.
77. Cheang P, Khor KA. Addressing processing problems
associated with plasma spraying of hydroxyapatite coatings.
Biomaterials. 1996;17(5):537-44.

16

Safavi S, J Ultrafine Grained Nanostruct Mater, 52(1), 2019, 1-17
78. Palanivelu R, Ruban Kumar A. Scratch and wear behaviour
of plasma sprayed nano ceramics bilayer Al 2 O 3 -13 wt%TiO
2 /hydroxyapatite coated on medical grade titanium substrates
in SBF environment. Applied Surface Science. 2014;315:372-9.
79. Lee S-H, Kim H-E, Kim H-W. Nano-Sized Hydroxyapatite
Coatings on Ti Substrate with TiO2Buffer Layer by E-beam
Deposition. Journal of the American Ceramic Society.
2007;90(1):50-6.
80. Nie X, Leyland A, Matthews A. Deposition of layered
bioceramic hydroxyapatite/TiO2 coatings on titanium
alloys using a hybrid technique of micro-arc oxidation and
electrophoresis. Surface and Coatings Technology. 2000;125(13):407-14.
81. Lee S-H, Kim H-W, Lee E-J, Li L-H, Kim H-E.
Hydroxyapatite-TiO2 Hybrid Coating on Ti Implants. Journal
of Biomaterials Applications. 2006;20(3):195-208.
82. Ozeki K, Janurudin JM, Aoki H, Fukui Y. Photocatalytic
hydroxyapatite/titanium dioxide multilayer thin film deposited
onto glass using an rf magnetron sputtering technique. Applied
Surface Science. 2007;253(7):3397-401.
83. Wolfe DE, Singh J. Titanium carbide coatings deposited
by reactive ion beam-assisted, electron beam–physical vapor
deposition. Surface and Coatings Technology. 2000;124(23):142-53.
84. Apreutesei M, Arvinte IR, Blaj E. ChemInform Abstract:
Chemical Vapour Deposition Technique Used for Coatings. An
Assessment of Current Status. ChemInform. 2011;42(35):no-no.
85. Albayrak O, El-Atwani O, Altintas S. Hydroxyapatite coating
on titanium substrate by electrophoretic deposition method:
Effects of titanium dioxide inner layer on adhesion strength
and hydroxyapatite decomposition. Surface and Coatings
Technology. 2008;202(11):2482-7.
86. Tomaszek R, Pawlowski L, Gengembre L, Laureyns J, Le
Maguer A. Microstructure of suspension plasma sprayed
multilayer coatings of hydroxyapatite and titanium oxide.
Surface and Coatings Technology. 2007;201(16-17):7432-40.
87. Gbureck U, Masten A, Probst J, Thull R. Tribochemical
structuring and coating of implant metal surfaces with
titanium oxide and hydroxyapatite layers. Materials Science and
Engineering: C. 2003;23(3):461-5.
88. Yajing Y, Qiongqiong D, Yong H, Han S, Pang X. Magnesium
substituted hydroxyapatite coating on titanium with nanotublar
TiO2 intermediate layer via electrochemical deposition. Applied
Surface Science. 2014;305:77-85.
89. Kim H-W, Koh Y-H, Li L-H, Lee S, Kim H-E. Hydroxyapatite
coating on titanium substrate with titania buffer layer processed
by sol–gel method. Biomaterials. 2004;25(13):2533-8.
90. Jaworski R, Pawlowski L, Pierlot C, Roudet F, Kozerski S,
Petit F. Recent Developments in Suspension Plasma Sprayed
Titanium Oxide and Hydroxyapatite Coatings. Journal of
Thermal Spray Technology. 2009;19(1-2):240-7.
91. Sidane D, Rammal H, Beljebbar A, Gangloff SC, Chicot
D, Velard F, et al. Biocompatibility of sol-gel hydroxyapatitetitania composite and bilayer coatings. Materials Science and
Engineering: C. 2017;72:650-8.
92. Wen C, Xu W, Hu W, Hodgson P. Hydroxyapatite/titania

sol–gel coatings on titanium–zirconium alloy for biomedical
applications. Acta Biomaterialia. 2007;3(3):403-10.
93. Roop Kumar R, Wang M. Functionally graded bioactive
coatings of hydroxyapatite/titanium oxide composite system.
Materials Letters. 2002;55(3):133-7.
94. Etminanfar MR, Khalil-Allafi J, Sheykholeslami SOR. The
Effect of Hydroxyapatite Coatings on the Passivation Behavior
of Oxidized and Unoxidized Superelastic Nitinol Alloys. Journal
of Materials Engineering and Performance. 2018;27(2):501-9.
95. Mondragón-Cortez P, Vargas-Gutiérrez G. Electrophoretic
deposition of hydroxyapatite submicron particles at high
voltages. Materials Letters. 2004;58(7-8):1336-9.
96. Costa MT, Lenza MA, Gosch CS, Costa I, Ribeiro-Dias F. In
vitro Evaluation of Corrosion and Cytotoxicity of Orthodontic
Brackets. Journal of Dental Research. 2007;86(5):441-5.
97. Li H, Li ZX, Li H, Wu YZ, Wei Q. Characterization of plasma
sprayed hydroxyapatite/ZrO2 graded coating. Materials &
Design. 2009;30(9):3920-4.
98. Chou B-Y, Chang E. Plasma-sprayed hydroxyapatite
coating on titanium alloy with ZrO2 second phase and
ZrO2 intermediate layer. Surface and Coatings Technology.
2002;153(1):84-92.
99. Chou B-Y, Chang E. Plasma-sprayed hydroxyapatite
coating on titanium alloy with ZrO2 second phase and
ZrO2 intermediate layer. Surface and Coatings Technology.
2002;153(1):84-92.
100. Chou B-Y, Chang E. Interface investigation of plasmasprayed hydroxyapatite coating on titanium alloy with
ZrO2 intermediate layer as bond coat. Scripta Materialia.
2001;45(4):487-93.
101. Nelea V, Ristoscu C, Chiritescu C, Ghica C, Mihailescu IN,
Pelletier H, et al. Pulsed laser deposition of hydroxyapatite thin
films on Ti-5Al-2.5Fe substrates with and without buffer layers.
Applied Surface Science. 2000;168(1-4):127-31.
102. Liu Y-T, Long T, Tang S, Sun J-L, Zhu Z-A, Guo Y-P.
Biomimetic fabrication and biocompatibility of hydroxyapatite/
chitosan nanohybrid coatings on porous carbon fiber felts.
Materials Letters. 2014;128:31-4.
103. Yang C-C, Lin C-C, Liao J-W, Yen S-K. Vancomycin–
chitosan composite deposited on post porous hydroxyapatite
coated Ti6Al4V implant for drug controlled release. Materials
Science and Engineering: C. 2013;33(4):2203-12.
104. Pang X, Zhitomirsky I. Electrodeposition of hydroxyapatite–
silver–chitosan nanocomposite coatings. Surface and Coatings
Technology. 2008;202(16):3815-21.
105. Shah NJ, Hong J, Hyder MN, Hammond PT. Osteophilic
Multilayer Coatings for Accelerated Bone Tissue Growth.
Advanced Materials. 2012;24(11):1445-50.
106. Hu J-X, Ran J-B, Chen S, Shen X-Y, Tong H.
Biomineralization-inspired synthesis of chitosan/hydroxyapatite
biocomposites based on a novel bilayer rate-controlling model.
Colloids and Surfaces B: Biointerfaces. 2015;136:457-64.
107. Nie L, Suo J, Zou P, Feng S. Preparation and Properties
of Biphasic Calcium Phosphate Scaffolds Multiply Coated
with HA/PLLA Nanocomposites for Bone Tissue Engineering
Applications. Journal of Nanomaterials. 2012;2012:1-11.

17

