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Abstract
In this research, hydroxyapatite coating and composite hydroxyapatite coatings containing nanoparticles were fabricated 
using a single step electrodeposition method. To investigate the effect of compositing agent type on hydroxyapatite 
structure, two different compounds (titania and zirconia) were used. Each compound was used at two different con-
centrations to observe the effect of compositing agent content on matrix structure. Pure hydroxyapatite was deposited 
with a water based Calcium–Phosphate (Ca–P) solution with pH = 4.2. To deposit composite coatings, a merged solution 
was prepared by merging Ca–P solution with aqueous  TiO2  (ZrO2) suspension. Prepared coatings were analyzed using 
thickness measurement, XRD, FTIR, FESEM, polarization test and immersion in SBF solution. In the first step, XRD, FTIR and 
FESEM results proved the formation of hydroxyapatite using Ca–P solution and analysis of composite coatings proves the 
existence of nanoparticles in the coatings as compositing agent and the coating procedure was successful. Thereafter, 
polarization and immersion results indicate that composite coatings show superior properties than pure hydroxyapatite. 
The properties of hydroxyapatite matrix are influenced not only by the type of the compositing agent but also by the 
content of the additive. Adding nanoparticles changes different characteristics of pure HA, such as (1) decreasing the 
thickness of the coating, pure hydroxyapatite was 5.5 µm and the thickness of HA–ZrO2  (ZrO2: 6 mM = HZ2) composite 
coating was 4.4 µm; (2) increasing the crystallinity (Xc), Xc for  HZ2 coating is 86% and Xc for pure HA is 80%; (3) obvious 
changes in morphology has occurred and new morphologies of HA are observed which has not been mentioned in the 
literature previously; (4) composite coatings have more positive  Ecorr than pure HA,  Ecorr. of  HZ2 coating is − 0.23 which is 
the most positive one and  Ecorr. of HA is − 0.41; (5) composite coatings have smaller porosity ratio than pure HA; (6) Pure 
and composite coatings are bioactive, but composite coatings show different bioactivity behavior.
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1 Introduction

Metallic and ceramic biomaterials such as stainless steels 
(SS), titanium and its alloys and hydroxyapatite have clini-
cal and orthopedic attention and use [1–3]. On one hand, 
metallic alloys have high strength, formability, chemical 
durability and resistance to corrosion in physiological 
environment [1, 4], but there is a big drawback, chemical 
mismatch with human or animal body tissues which bans 
successful growth of bone tissue on orthopedic implants 

[4, 5]. On the other hand, bioceramics such as hydroxyapa-
tite (HA:  Ca10(PO4)6)OH(2) have really good chemical and 
structural match with natural human bone [1, 6], but there 
is a weak point, mechanical mismatch with natural bone. 
To completely treat bone injuries, fixation and immobili-
zation of the injured tissue (good mechanical properties) 
and preferable medium for the tissue growth (good bio-
activity and biocompatibility) are necessary. The former 
requirement is achieved using metallic biomaterials and 
the later one is achieved using bioceramics, therefore, to 
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reach a great combination of these two requirements, 
composite implants are suggested. For example using 
hydroxyapatite as coating on metallic implants which pro-
vides all the necessities of an implant [4, 7] that extremely 
reduces treatment period [7]. There are several approaches 
to deposit HA on metallic substrates such as plasma spray 
[8], cold spray [9], laser-pulse deposition [10], high velocity 
oxy-fuel (HVOF) [11], electrophoretic and electrochemical 
deposition [12, 13]. Electrodeposition (ED) of hydroxyapa-
tite has recently aroused widespread concern owning to 
many advantages of the technology, specially comparing 
the electrodeposition with other coating methods. Such 
as advantages are: (1) Low temperature deposition process 
which results in better control on the coating composition 
and purification of the phases [8, 11, 14]; (2) Simultane-
ous synthesize and deposition of the coating which is a 
great benefit over plasma spray deposition, cold spray 
deposition and HVOF deposition methods that synthe-
size and coating procedure are separated [8, 9, 11]; (3) 
no need for pre/post treatments such as heat treatments 
[4, 9] and chemical treatments [15, 16]; and (4) the ease 
to control the film performance, the capacity to deposit 
on complicated surfaces, the usability, simple and com-
mon equipment, chemical and morphological control on 
deposited coating and low price of device [3, 14, 17, 18]. 
The cathodic deposition of Ca–P coating is done using 
the ambient temperature that results in good conform-
ability to the shape of the component [19]. Sometimes, 
the deposition is carried out at higher temperatures but 
these seldom exceed 100 °C most of the time electrodepo-
sition is completed by a single step of direct HA forma-
tion, sometimes, the process is comprised of two steps 
also [14]. Furthermore, to effectively improve the proper-
ties of hydroxyapatite such as bioactivity, biocompatibility, 
antibacterial behavior, osseointegration and crystallinity, 
different approaches are used. For example, doping with 
useful elements like silver and copper; and compositing 
with special compounds like alginate, bioglass, biocer-
amics and biopolyemrs [20–23]. In this study, titania and 
zirconia are used as composite agent. Titania is one of the 
most useful and common ceramics for orthopedic appli-
cations, that is bioactive oxide increasing bone forma-
tion on implants and is extensively attended to produce 
biocomposite coatings [24, 25]. Zirconia is biocompatible 
and bioinert compound, recently used to improve pure 
HA specifications such as corrosion resistance, bioactivity 
and crystallinity of HA [3, 8, 26, 27]. To make HA–TiO2 and 
HA–ZrO2 biocomposite coatings, a new procedure is used 
which is different from previous procedures found in the 
literature [3, 24, 28–30]. For this goal, a merged electro-
deposition method is designed, merging electrochemi-
cal and electrophoretic deposition. Herein, the main aim 
was to investigate the possibility of coating HA–TiO2 and 

HA–ZrO2 composite coatings using merged solutions and 
investigating the effect of  TiO2 and  ZrO2 nanoparticle addi-
tion on hydroxyapatite matrix characteristics. According 
to the available literature: (1) different additives to the 
hydroxyapatite structure have different effects on HA 
structure; and (2) additive content has effects on the HA, 
too. Therefore, in this study two different compositing 
agents (titania and zirconia) were used to investigate the 
difference between the compositing agent; and each one 
was used at two concentrations to evaluate the effect of 
additive content, too. The solution was prepared by merg-
ing calcium–phosphor saline solution and nanoparticle 
suspension. The schematic illustration of the electrodepo-
sition procedure is represented in Fig. 1. To the best of our 
knowledge, this is the first study using this procedure and 
comparing the HA–TiO2 and HA–ZrO2 composite coatings. 
Different analyses were used to understand the effects of 
titania and zirconia nanoparticles on HA matrix properties 
and differences between coatings.

2  Experimental procedure

2.1  Materials

316 stainless steel sheets were used as cathode and 
anode. Ca(NO3)2 and  NH4H2PO4 were used to prepare 
Calcium–Phosphate solution,  NaNO3 was used to adjust 
ionic strength of the solution and  HNO3–NaOH were 
used to adjust the pH (Merck CO.). As compositing agent, 
titania  (TiO2 Anatase grade- typical size of 15 nm Tecnan 
CO., Spain) and zirconia nanoparticles  (ZrO2 Tetragonal 
grade- typical size of 15 nm Tecnan CO., Spain) were used 
as received. Materials used to prepare SBF solution were 
bought from Merck CO. and used as received.

2.2  Coating procedure

Stainless steel sheets (50 mm × 20 mm × 3 mm) were 
gritted with SiC papers ranging from P320 to P2000 grit, 
washed with distilled water and etched in 0.5 M HCL–HNO3 
for 30 s to increased coating adhesion to the substrate and 
decrease HA grains size. Finally, substrate was degreased in 
acetone for 10 min using sonic bath and rinsed in distilled 
water. Having a stable merged solution of calcium–phos-
phate–titania and calcium–phosphate–zirconia for elec-
trodeposition, acidic pH equal to 4.2 was chosen.

In this research, hydroxyapatite saturated solution was 
prepared as follows: 20 mM Ca(NO3)2 was dissolved in dis-
tilled water and stirred, then, 12 mM  NH4H2PO4 was added, 
0.01 M  NaNO3 was added to adjust ionic strength of solu-
tion and pH was adjusted 4.2 by diluted  HNO3 and NaOH. 
As compositing agent, titania and zirconia nanoparticles 
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were used. Hydroxyapatite–titania samples were named 
HT coatings and hydroxyapatite–zirconia samples were 
named HZ coatings. In order to have rational molar ratios 
of compositing agent to matrix, two different concentra-
tions of titania and zirconia were used, 3 mM and 6 mM. 
Solutions for different coatings are represented in Table 1. 
The HA–TiO2 (HT) solutions were prepared merging HA 
solution and titania suspension as follows; first, HA solu-
tion was prepared as described previously, then, titania 
aqueous suspension was prepared and gently added to 
Ca–P solution. To make stable aqueous suspension, the pH 
of distilled water was adjusted 4.2 (similar to the pH of HA 
solution) and titania nanoparticles were added, ultrasonic 
dispersion done for 30 min and magnetic stirring done 
for 20 min. Now, the titania suspension was gently added 

to the Ca–P solution to prepare HA–TiO2 solution. Finally, 
the merged solution stirred for 15 min to have stable and 
uniform solution. HA–ZrO2 solutions were prepared the 
same as HA–TiO2 solutions. Electrodeposition was carried 
out in a three electrode cell, 316 SS as cathode and two 
316 SS sheets as anode. Deposition conditions for pure 
HA, HT and HZ coatings was similar. Deposition was done 
in constant current density mode, the pH of the solutions 
was adjusted to 4.2, at 85 °C (T = 85 ± 5 °C) for 2 h. Magnetic 
stirring at 200 rpm was used to have uniform concentra-
tion and temperature condition during deposition.

2.3  Characterization of coatings

The thickness of coatings was measured using a Dual 
Scope MP40, Fischer, Switzerland thickness meter. The zeta 
potential of the particles in the suspension was measured 
using Zetasizer ZEN 3600 (Malvern, UK). X-ray diffraction 
(XRD: X’pert Philips pw 3040/60,Cu Kα 1.54056 A) was used 
to determine the Ca–P phases synthesized in the coating 
process. Degree of the crystallinty (Xc) of HA coatings was 
evaluated according to the Eq. (1) [31].

where βm is the corrected full width of the peak (plane) 
at half of the maximum intensity (FWHM) [31, 32]. The 

(1)Xc = (0.24∕βm)3

Fig. 1  Schematic of the electrodeposition process; a electrodpeosition of hydroxyapatite (HA) using Ca–P solution, b adding nanoparticle 
suspension to the Ca–P solution and electrodpeosition of composite coating

Table 1  Concentration of different reagents in HA, HT and HZ solu-
tions

Ca (mM/l) Ti (mM/l) Zr (mM/l) (Ti–Zr)/Ca

HA 20 0 0 0
HT1 20 3 0 0.15
HT2 20 6 0 0.30
HZ1 20 0 3 0.15
HZ2 20 0 6 0.30
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fourier-transform infrared (FTIR) spectra of samples were 
collected over the range of 400–4000 cm−1 using (EQUI-
NOX 55 Germany) to determine absorbed functional 
groups in Ca–P deposited film. The deposited coatings 
were scrapped from the substrate and used in XRD and 
FTIR analyses. The surface morphology, cross section 
topography and chemical composition were studied using 
FESEM (MIRA3, TE-SCAN FESEM) equipted with energy 
dispersive spectroscopy (EDS: EDS is a semi-quantitative 
test). The evaluation of electrochemical behavior of coat-
ings was done with polarization test using a 273 A poten-
tiostat/galvanostat utensil. Polarization tests were carried 
out at the same mode for the bare substrate, HA coated 
sample and composite coated samples. Polarization tests 
were carried out at T = 37 °C, in SBF solution, using a com-
mon three electrode cell; using saturated calomel elec-
trode (SCE) as reference electrode, 316 SS as counter and 
coated samples as working electrode. Polarization meas-
urements were done after the attainment of steady OCP 
conditions (Before applying on the system in each test, 
the samples were immersed approximately 15 min in SBF 
to establish the open circuit potential.). Potential varied 
− 300 mV to + 300 mV relative to OCP and scan rate was 
1 mV/S. Open porosity ratio of the coating was evaluated 
using the mixed potential theory. The mixed potential 
reached by the couple is [33]:

where  Em is the mixed potential of the coated substrate, 
 Ecorr(A) is the corrosion potential of the substrate (anodic 
metal),  bA is the anodic Tafel slope of the substrate, and 
 SC/SA is the surface ratio [33]. The  SA/SC ratio defines the 
open porosity value. The bioactivity of the coatings was 
examined using immersion test in SBF solution and fol-
lowing FESEM observation. All the samples were soaked 
in SBF solution for 30 days, T = 37 °C and fixed position. 
After 30 days, samples were brought out and washed gen-
tly with distilled water and dried in atmosphere. It should 
be stated that SBF was made according to the Kokubo’s 
order [34].

3  Results and discussion

3.1  Thickness of coating and Zeta potential 
of suspensions

The thickness of a coating has critical role on the quality 
and performance of the coating [35]. The thickness of an 
electrodeposited coating is a result of different param-
eters such as voltage, current density, electrodeposition 
time, electrodeposition temperature and electrolyte addi-
tives [36]. Herein, as mentioned in coating procedure, 

(2)Em = Ecorr(A) + bAlog
(

SC∕SA
)

,

two parameters are changing: (1) nanoparticle type, (2) 
nanoparticle content. The thicknesses of different coat-
ings were measured at five points and the mean value is 
reported in Table 2. Regarding Table 2, composite coatings 
are thinner than pure hydroxyapatite coating and increas-
ing nanoparticle concentration in the solution results in 
thinner coating. Maybe, this behavior is due to the nano-
particles deposition. Firstly, the diffusion rate of ions is 
a critical factor which affects coating thickness [37, 38]. 
In the case of HA solution,  Ca2+,  OH− and  PO4

3− ions can 
reach the substrate with more diffusion rate than HT and 
HZ solutions, owing to nanoparticles ban and stop ions 
motion [38]. Secondly, nanoparticles adhesion to substrate 
inserts pressure on HA matrix and this results in thickness 
decreasing [39]. Therefore, concerning the coating param-
eters such as time, temperature, voltage and additives, we 
assume that the coating thickness is a function of the solu-
tion ingredients, adding titania and zirconia nanoparticles 
to the Ca–P solution resulted in thinner coatings. The zeta 
potentials of titania (6 mM) and zirconia (6 mM) nanopar-
ticle suspensions were + 36 and + 33 mV, respectively. The 
positive charge of the particles results in the adsorption of 
particles to the cathode and this results to the simultane-
ous deposition of hydroxyapatite matrix and titania (zir-
conia) particles on cathode surface [21]. Complete results 
of coating thicknesses and suspension zeta potentials are 
reported in Table 2.

3.2  Phase composition

XRD is done to analyze the phase composition of the 
coatings and the obtained patterns are illustrated in the 
Fig. 2. The presence of hydroxyapatite peaks at 2θ ~ 26°, 
32°, 33°, 49° relating to (002), (211), (112), (213), (004) 
crystallographic planes indicates that HA is formed using 
this electrodeposition condition [3, 16, 37, 40]. Strong 
peak at 2θ ~ 26° ((002) plane) suggesting the preferential 
growth of HA crystals perpendicular to electrode surface 
usually occurs in electrochemical deposition [31]. Among 
different calcium–phosphate phases, octacalcium phos-
phate (OCP = Ca8H2(PO4)6 · 5H2O) synthesizes from acidic 
solutions because of  H+ ions saturation, therefore It’s 

Table 2  Zeta potentials of HT and HZ suspensions and thicknesses 
of the coatings

Zeta (mV) Thickness(µm) SD

HA – 5.5 0.23
HT1 + 35 4.8 0.19
HT2 + 36 4.6 0.21
HZ1 + 34 4.7 0.25
HZ2 + 33 4.4 0.21
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predictable to have both HA and OCP while using acidic 
solution [40, 41]. In Fig. 2a, the low intensity peaks of octa-
calcium phosphate are observed which means OCP is syn-
thesized as well as HA. Octacalcium phosphate peaks are 
visible at 2θ ~ 23° and 29° corresponding to (111) and (330) 
planes [37, 40]. Regarding the precursor model proposed 
by Brown [42], OCP is the precursor phase for hydroxyapa-
tite, at high deposition temperature (for example 80 °C) 
and through the time of deposition, octacalcium phos-
phate gradually transforms to hydroxyapatite [37, 41].
The co-existence of HA and OCP prepares two phase Cal-
cium–Phosphate coatings which is intended when higher 
bioactivity is required [6, 40, 43]. Moreover, in the XRD pat-
terns of composite coatings, additional peaks are visible.

The XRD diagram of HT coatings have peaks at 
2θ ~ 25.5° and 28° which are related to (101) and (− 111) 
planes of titania, respectively [44], this indicates that HA 
and  TiO2 are successfully codeposited. Comparing  HT1 and 
 HT2 coatings in Fig. 2b, c suggests that titania content does 
not change the diagram and intensity or existence of the 
peaks are not changed. Two clear differences between XRD 
diagrams of hydroxyapatite and HT coatings are: (1) OCP 
peaks are disappeared in HT coatings, (2) hydroxyapatite 
peak at 32° is disappeared which means that this growth 
plane is not preferential growth for HT coatings. XRD dia-
gram of HZ coatings in Fig. 2d, e has similar condition 
to HT coatings, new peaks are visible at 2θ ~ 28° and 59° 
which are related to  ZrO2 composite reagent [45], that 
shows the codeposition of HA and  ZrO2 compounds. XRD 
diagrams of  HZ1 and  HZ2 coatings are very similar. This 
means that zirconia content does not change the XRD 
pattern. Furthermore, Two clear differences between XRD 
diagrams of hydroxyapatite and HZ coatings are: (1) OCP 
peaks are disappeared in HZ coatings, (2) hydroxyapatite 
peak at 32° is disappeared which means that this growth 
plane is not preferential growth for HZ coatings. Regarding 
the Sect. 2.1, using rational concentration of titania and 

zirconia to prepare the solutions for composite coatings, 
the absence or weak peaks for crystalline  TiO2 and  ZrO2 in 
XRD diagrams suggest that nanoparticles have amorphous 
structure [16, 29]. As stated for HT and HZ coatings, OCP 
peaks are disappeared. Referring to precursor model pro-
posed by Brown [42], authors suggest two mechanisms: 
(1) nanoparticles serve as nucleation sites for HA matrix 
and this reduces the precursor effect of octacalcium phos-
phate, (2) nanoparticles serve as catalyst phase to increase 
OCP to HA transition kinetics. Another useful parameter 
that can be extracted from XRD diagrams, is the degree of 
crystallinity  (Xc) of HA according to the Eq. (1) [31]:

where βm is the corrected [31] full width of the peak 
(plane) at half of the maximum intensity (FWHM) [31, 32]. 
Xc results are expressed in Table 3. It is clear that differ-
ent coatings of this study, specially pure HA, have really 
appreciable and higher Xc related to the previous studies 
[3, 31, 32]. Higher Xc shows more crystalline HA character, 
more biocompatibility and natural bone behavior [3, 31, 
32]. Hydroxyapatite deposition on the substrate surface 
occurs with heterogeneous nucleation mechanism which 
is mainly depended on the surface parameters [14, 46]. 
Nanoparticles have really high effective surface area and 
this makes favorable positions for heterogeneous nuclea-
tion; so increased crystallinity of hydroxyapatite is maybe 
occurred by adding nanoparticles.

3.3  FTIR analysis

Figure 3 illustrates the FTIR spectra recorded in the case 
of HA,  HT2 and  HZ2 films deposited on the stainless steel 
substrate. When analyzing hydroxyapatite structure, the 
presence of  OH− and  PO4

3− ions that are characterized for 
hydroxyapatite in FTIR spectra can prove the formation 
of hydroxyapatite. In HA structure, there are four vibra-
tion modes (ν1–ν4) for P–O bands in the  PO4

3− ion. The 
ν4 (asymmetric bending) bands at 520–660 cm−1, the  v2 
(bending band) at 437 cm−1 and 471 cm−1 as well as the 
ν1 (symmetric stretching) and ν3 (asymmetric stretching) 
spectral bands positioned at 900–1200 cm−1, are useful in 
identifying the structure of hydroxyapatite [32, 37, 41, 47]. 
A libration band at ~ 630 cm−1 is the typical of structural 

(1)Xc = (0.24∕βm)3

Fig. 2  XRD diagrams of a HA, b  HT1, c  HT2, d  HZ1, e  HZ2 coatings

Table 3  FWHM and Xc of HA, 
HT and HZ coatings

2θ Ka bm Xc

HA 26 0.24 0.26 0.80
HT1 26 0.24 0.25 0.84
HT2 26 0.24 0.25 0.85
HZ1 26 0.24 0.25 0.86
HZ2 26 0.24 0.25 0.86
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 OH− in HA structure [32]. On the one hand, broad band at 
3457 cm−1 can be assigned to the  OH− stretching vibra-
tion of HA coating [47], on the other hand, this band is 
also at the position of the stretching mode of adsorbed 
water [16, 47]. Furthermore, the vibration at 1635 cm−1 is 

attributed to the stretching peak of adsorbed water [16, 
32, 37]. Finally, it should be taken into account that XRD 
and FTIR analyses show that HA is synthesized in pure and 
composite coatings.

3.4  Morphology and chemical composition

Figure 4a–d shows the FESEM observations of hydroxyapa-
tite coating electrodeposited using Ca–P solution. It can 
be understood that hydroxyapatite has continuous and 
uniform character that can protect the substrate and ban 
the contact between substrate and surrounding environ-
ment. Hydroxyapatite plates are observed and surface is 
covered with packed plates that is similar to Ca–P elec-
trodeposited coatings formed before by Shirkhanzadeh 
and Eliaz et al. [37, 41]. The growth of the HA perpendicu-
lar to the surface of the substrate is evidently observed 
in Fig. 4a [16]. Regarding Fig. 4a plate size is in the range 
of 2-4  µm which is smaller and thinner than previous 
reports [37, 41]. Smaller dimensions results more surface 

Fig. 3  FTIR spectra of a HA, b  HT2, c  HZ2 coatings

Fig. 4  FESEM images of hydroxyapatite; a HA morphology and microstructure,  b, c HA at higher magnification (arrows showing width and 
height of HA plates),  d cross section of HA
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area, therefore, more area will be in contact with surround-
ing solution such as simulated body fluid [27, 48] and this 
property will be preferable when bioactivity is the main 
concern. By increasing the magnification in Fig. 4b, c, the 
compact and crossed planes of hydroxyapatite are clear. 
Furthermore, the width and height of HA plates can be 
estimated under 100 nm and 200 nm, respectively. The 
mean Ca/P molar ratio (EDS) in Fig. 4b was 1.47. Although 
the Ca/P = 1.47 is not stoichiometric value for hydroxyapa-
tite, natural bone is not stoichiometric too [49]. Figure 4d 
shows that cross-section of HA coating is uniform, with an 
estimated thickness of approximately 5.5 μm (vertical line) 
and the coating seems compact and free of cracks. The 
morphologies obtained using  HT1 and  HT2 solutions are 
shown in Fig. 5a–e and Fig. 6a, e, respectively. HT coatings 
show a bit different morphology rather HA coating which 
is due to the nanoparticle addition. By adding titania to the 
solution, morphology is more homogenous and ordered 
perpendicular to the surface, plate size is decreased 
and more compact structure is formed. In  HT1 coating, 
Fig. 5a, e, HA plate dimension is nearly 0.5–2 µm which is 
smaller than plate dimension in HA coating. This change 
is occurred because of the nanoparticles presence. Firstly, 
deposited particles prepare more nucleation sites for HA 
matrix nucleation [46], then, nanoparticles deposit at HA 
plates and stop plate growth. By increasing magnification 

in Fig. 5b, c some new changes are visible. For example, 
codeposited nanoparticles which are mainly below 20 nm 
are clearly seen, and nanoparticles are deposited on HA 
planes and pores, especially on the edge of the planes 
as preferential sites (rectangle marks). EDS results reveal 
that the Ca/P molar ratio and the wt% of titanium in the 
 HT1 coating are 1.61 and 4.21, respectively. According to 
Fig. 6a, e, increasing  TiO2 concentration in  HT2 coating 
toughens up the trend observed and discussed for  HT1 
coating. As visible, hydroxyapatite plates are more packed 
and smaller in dimension (the length of plates is below 
1 µm in Fig. 6a), The porosity radius is reduced (comparing 
Figs. 5b, 6b) and more titania nanoparticles are deposited 
in the coating. The Ca/P molar ratio and the wt% of tita-
nium in the  HT2 coating are 1.53 and 7.5, respectively. To 
investigate the distribution of  TiO2 nanoparticles in  HT1 
and  HT2 coatings, EDS mapping is done and the results 
are presented in Figs. 5d and 6d, respectively. It’s clear that 
Ti (green dots) is homogenously distributed on the entire 
surface of both coatings. The homogenous distribution of 
 TiO2 may mean that the effects of titania addition are vis-
ible all over the surface, which is a good behavior.

Figures 5e and 6e show cross-sectional topography of 
 HT1 and  HT2 coatings, respectively. The deposited coat-
ings are adhered to the substrate completely and no crack 
is visible in the topography. The thicknesses of  HT1 and 

Fig. 5  FESEM images of  HT1 coating;  a  HT1 coating,  b, c  HT1 at higher magnification, rectangle indicates nanoparticle deposition,  d EDS 
mapping of titanium,  e cross section of  HT1 coating
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 HT2 coatings are nearly the same as the measured ones in 
Table 2. FESEM images of  HZ1 and  HZ2 coatings are shown 
in Figs. 7a–e and 8a–e, respectively. As visible, in HZ coat-
ings hydroxyapatite structure is vigorously changed and 
film forming structure is visible [50].

Figure 7a shows that surface morphology of  HZ1 coat-
ing consists of hydroxyapatite film, sub-micron HA plates 
and zirconia particles. By increasing magnification in 
Fig. 7b; hydroxyapatite nano-rods are visible which was 
not observed for HA and HT coatings, zirconia nanopar-
ticles deposited on HA structure are visible (marked with 
rectangle) and more compact morphology structure than 
HA and HT coatings is visible. Figure 7c confirms than zir-
conia nanoparticles are successfully deposited. Figure 8a, 
b shows that the pure hydroxyapatite morphology which 
was plate structure is completely changed and film form-
ing is the dominant growth mechanism and surface is 
covered with HA film, no plate or rod is visible. In Fig. 8b, 
zirconia nanoparticles deposited on HA film are visible 
(marked with rectangle), continues HA film is visible and 
no porosity is observed. Figure 8c confirms than zirconia 
nanoparticles are successfully deposited. Comparing sur-
face morphologies of  HZ1 and  HZ2 coatings shows that 
increasing zirconia concentration in the solution results 
to more deposition of zirconia particles in the coating 
and this observation is in accordance with EDS results 

as follows. Furthermore, Figs. 7a and 8a show micro  ZrO2 
particles, meaning that nanoparticles agglomeration has 
occurred, maybe, because of high deposition temperature 
[17]. To evaluate the distribution pattern of  ZrO2 particles 
in the HZ composite coatings, EDS mapping is done. The 
EDS maps of  HZ1 and  HZ2 coatings are presented in Fig. 7d 
and 8d, respectively. The existence of targeted element 
(Zr) was marked by colored (red) dots. It’s clear that Zr is 
homogenously distributed on the coatings surface and 
well covers the area. There are several regions that The 
Zr map is apparently more concentrated there, this can 
be ascribed to the agglomeration of Zirconia nanoparti-
cles. Cross-sectional topographies of  HZ1 and  HZ2 coat-
ings are shown in Figs. 7e and 8e, respectively. There is a 
robust coating structure and complete adhesion between 
the deposited coating and the underlying substrate. This 
indicates that the coating is really compacted and tightly 
adhered to the substrate. Finally, it is known that bone is 
composed of nanocrystals of apatite in collagen matrix, 
therefore, bioactivity and osteoconductivity of coat-
ing could be further improved if coating materials were 
closer to bone mineral in crystal structure, size and mor-
phology [51]. As seen, in this research composite coatings 
have smaller apatite size than pure hydroxyapatite and 
contain nanoparticles which can improve bioactivity and 
osteoconductivity of the coating. Complete EDS analysis 

Fig. 6  FESEM images of  HT2 coating;  a  HT2 coating,  b, c  HT2 at higher magnification showing titania particles deposition (rectangle) and 
hydroxyapatite plates,  d EDS mapping of titanium,  e cross section of the  HT2 coating
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Fig. 7  FESEM images of  HZ1 coating; a  HZ1 coating,  b,  c  HZ1 at higher magnification, HA rods are visible and rectangle indicates nanoparti-
cle deposition,  d EDS mapping of zirconium,  e cross section of  HZ1 coating

Fig. 8  FESEM images of  HZ2 coating;  a  HZ2 coating showing film 
forming of hydroxyapatite and zirconia agglomeration,  b,  c  HZ2 at 
higher magnification showing zirconia particles deposition (rectan-

gle) and hydroxyapatite continues film,  d EDS mapping of zirco-
nium,  e cross section of the  HZ2 coating
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is prepared in Table 4. It should be taken into account 
that, EDS measurements were done in all the area of 15.0 
Kx magnification (2 µm scale) and two measurements 
were done for each sample (because of the coincidence 
of results, no more measurement done). Based on EDS 
results, the Ca/P molar ratio in all the coatings is in the 
acceptable range of hydroxyapatite and increasing nano-
particle concentration in the solution results more nano-
particle deposition in the coating.

3.5  Electrochemical study

The electrochemical corrosion behavior of bare substrate 
and different coatings was analyzed by potentiody-
namic method and the results are illustrated in Fig. 9 and 
reported in Table 5. There are two major electrochemical 
parameters that can be extracted from polarization curves, 
 Ecorr (thermodynamic parameter) and  icorr (kinetically 
parameter). These two parameters are helpful to analyze 
and compare the corrosion behavior of samples in a similar 

condition [2, 3, 16, 52, 53]. Based on Fig. 9, comparing the 
bare substrate and coated samples, the polarization curves 
of coated samples were shifted towards the region of 
lower current density, which means that coating with pure 
hydroxyapatite and composite coatings increases corro-
sion resistance and durability of substrate in simulated 
body fluid. The corrosion current density of bare substrate 
is 1.5 µA/cm2, while the  icorr of the HA, HT and HZ coatings 
are below 0.1 µA/cm2 (specific data available in Table 5). 
To the best of our knowledge, corrosion current densities 
obtained by HA, HT and HZ coatings are lower than simi-
lar previous results in the literature [3, 4]. This means that 
the deposited coatings have more corrosion resistance 
than previous studies in simulated body fluid. It should 
be noted that by increasing nanoparticle concentration a 
distinct trend is not observed and  icorr. of composite coat-
ings does not obey a specific trend. According to Table 5, 
the  Ecorr. of the substrate is the most negative one and  Ecorr. 

Table 4  EDS results of Ca/P molar ratio and wt% of Ti and Zr in 
coatings

Ca/P(M/M) Ti (wt%) Zr (wt%)

HA 1.47 – –
HT1 1.61 4.21 –
HT2 1.53 7.50 –
HZ1 1.55 – 8.06
HZ2 1.42 – 17.7

Fig. 9  Potentiodynamic 
polarization curves for a bare 
substrate, b HA, c  HT1, d  HT2, e 
 HZ1 and f  HZ2 coatings in SBF 
solution at 37 °c

Table 5  Polarization parameters of bare substrate and different 
coatings

Ecorr(V vs 
SCE)

icorr(µA/cm2) bA (V/dec) Porosity(%)

Bare sub-
strate

− 0.45 1.5 0.17 –

HA − 0.41 0.09 – 46
HT1 − 0.36 0.08 26
HT2 − 0.34 0.10 – 22
HZ1 − 0.37 0.07 32
HZ2 − 0.23 0.08 – 5
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of the  HZ2 coating is the most positive one. Composite 
coatings (HT and HZ coatings) have more positive corro-
sion potential than the pure HA and the bare substrate, 
meaning less corrosion activity of composite coatings 
[16, 53]. More negative  Ecorr means wider anodic poten-
tial range and more affinity to be corroded, therefore, 
uncoated substrate shows more anodic behavior rather 
than coated substrates at the same condition (conditions 
of this study). The electrochemical behavior of a coating 
is a result of different parameters, for example: uniformity 
and structure of the coating [51], the morphology [54], the 
thickness of coating [35] and compositing agent [3]. As 
discussed previously, although composite coatings have 
lower thickness and smaller microstructure dimension, the 
results of the polarization tests show that compositing has 
promoted the electrochemical behavior of hydroxyapatite. 
The enhanced electrochemical properties in composite 
coatings can be related to: (a) the bioinert behavior of  ZrO2 
[55], (b) more compacted and uniform microstructure, spe-
cially film forming morphology of HZ coatings and less 
porosity in composite coatings [51, 56], (c) the presence of 
nanoparticles in matrix structure which bans ion/electron 
exchange reactions of the coating. Open porosity means 
a pore that exists throughout the substrate-coating inter-
face to the coating-solution interface [33]. As described 
previously, the mixed potential reached by the couple is 
given by Eq. 2. The porosity of HA, HT and HZ coatings is 
evaluated and represented in Table 5. According to poros-
ity values, porosity of the coating is decreased by adding 
nanoparticle, increasing the concentration of nanoparticle 
results in the porosity reduction and the lowest estimated 
porosity is for  HZ2 coating equal to 5% which is in accord-
ance with FESEM observations. Of note is that generally a 
low value of coating porosity results in a better corrosion 

resistance [52], maybe this is another reason for increased 
electrochemical properties of composite coatings. Finally, 
the electrochemical study of synthesized coatings suggest 
that HA, HT and HZ coatings of this study show great cor-
rosion resistance against simulated body fluid solution and 
protect the substrate. Porosity,  Ecorr and  icorr of the bare 
substrate and different coatings are represented in Table 5.

3.6  In‑vitro test

There are key parameters to choose and use orthopedic 
implants. For example: bioactivity, natural bone nucleation 
and growth on the orthopedic implant are key parameters 
that accelerate injury treatment and reduce heal time [7]. 
Bioactivity can be evaluated by simulated in vitro tests such 
as immersion test in SBF solution. Immersion test was done 
for HA, HT and HZ coatings for 30 days at 37 °C. Figures 10, 
11 and 12 illustrate the surface morphology of coatings after 
immersion. When soaking hydroxyapatite in simulated body 
fluid, two major processes occur during immersion period; 
(1) HA dissolution (due to low crystallinity of HA) and (2) HA 
precipitation [3, 31]. The surface morphology of pure HA in 
Fig. 10 consists of two different morphologies; one is apatite 
particles formed during immersion in SBF, the other one is 
hydroxyapatite plates that were electrodeposited [57]. In 
Fig. 10b HA coating is magnified and a compact structure 
of apatite deposits is clear that covers all the surface of elec-
trodeposited HA. As seen in Fig. 10b, porosity is decreased; 
maybe this means that the hydroxyapatite particles formed 
during immersion cover porosities of primary HA. Regard-
ing Fig. 10 the deposited apatite particles are nanometric 
(below 100 nm) and submicron (0.02–0.2 µm). Figure 11 
demonstrates the surface morphology of  HT1 and  HT2 
coatings that represents vigorous changes than Fig. 10. As 

Fig. 10  FESEM images of HA after 30 days immersion in SBF: a showing primary HA, natural HA and visible porosities (circles), b higher mag-
nification showing compact HA particles and dimensions of HA deposits



Vol:.(1234567890)

Research Article SN Applied Sciences (2019) 1:155 | https://doi.org/10.1007/s42452-019-0168-2

observed in Fig. 11, bone-like apatite deposits [58, 59] cover 
the entire surface of the HT coatings and new morphology 
of deposited particles is found, called sponge-like HA [60]. 
This extreme increase in bioactivity maybe is related to the 
plate size decreasing and the appearance of needle-like 
morphology that prepares more effective contact surface 
with SBF. Furthermore, the addition of titania nanoparticles 
may increase bioactivity: (1) titania is bioactive, (2) nanopar-
ticles increases nucleation sites, resulting more bioactivity 
[46, 48]. As seen in Fig. 12, the HZ composite coatings show 
bioactive behavior and new morphology of apatite depos-
its is formed, sponge-like particles are visible in Fig. 12b. 
Sponge-like particles are more compacted in  HZ2 coating 
and quantity of deposits is increased in  HZ2 coating. Further 
evaluation of Fig. 12 reveals that  ZrO2 particles are bioinert 
and apatite deposits do not form on these particles, which 

is in accordance to the literature [55] and the growth of the 
primary (electrodeposited) HA plates has occurred dur-
ing immersion in SBF (appointed with elliptic). According 
to Figs. 10, 11 and 12, two points can be appointed: (1) the 
morphology of apatite deposits formed on HZ coatings is 
something between apatite deposits formed on HA and HT 
samples, (2) quantity of the deposits formed on HZ coatings 
is between the HA and HT samples, too.

Comparing HA, HT and HZ coatings, composite coat-
ings more bioactive behavior because more deposits are 
formed during immersion in SBF, which can be explained 
by nanostructure of composite coatings [51]. Furthermore, 
the observed differences in the morphology and the quan-
tity of apatite deposits formed during immersion in SBF, 
may be due to the different morphologies and the chemi-
cal compositions of HA, HT and HZ composite coatings.

Fig. 11  FESEM micrographs of HT coatings after 30 days immersion in SBF: a, b  HT1, c, d  HT2 coatings showing enhanced bioactive behavior 
and surface coverage with natural deposits
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4  Conclusion

In summary, we have presented a merged electrodepo-
sition method to prepare pure hydroxyapatite and com-
posite coatings. Titania and zirconia were successfully 
used as compositing agent. The results show that add-
ing titania or zirconia as compositing agent changes the 
behavior of hydroxyapatite matrix and increasing the 
content of nanoparticles toughens up the variations. In 
composite coatings, hydroxyapatite characteristics and 
different parameters such as thickness, the crystallinity of 
hydroxyapatite (Xc), morphology, the corrosion resistivity 
and the bioactivity of coatings have been changed. The 
authors provisionally suggest that these changes are the 
result of adding nanoparticles to the electrodeposition 
solution. Both types of composite coatings have superior 
properties than hydroxyapatite coating. The thickness of 
composite coatings is lower than pure HA. The crystallinity 

of hydroxyapatite increased in composite coatings and 
the highest value of Xc was for  HZ2 coating equal to 86%. 
Interestingly, new morphologies of HA is observed in HT 
and HZ coatings and nanoparticles deposition is clearly 
seen. Based on the electrochemical test results, coating 
with pure and composite coatings reduces the corrosion 
current density of the bare substrate and composite coat-
ings have more positive effect on the corrosion potential 
of the substrate. Regarding FESEM images hydroxyapatite 
and composite coatings deposited by this procedure are 
bioactive and the bioactivity behavior of HA, HT and HZ 
coatings is different. While our findings are not extensible 
toward a wider window of nanoparticles and additives, 
we hope that the fundamental understanding achieved 
in this work will pave the way for further discovery efforts 
to find new compositing materials to make hydroxyapatite 
composite coatings.

Fig. 12  FESEM images of HZ coatings after 30 days immersion in SBF: a, b  HZ1 and c, d  HZ2 coatings. Natural deposits are visible and ellipses 
show bioinert zirconia particles and grown primary hydroxyapatite plates
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