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ABSTRACT: Electrocrystallization of hydroxyapatite (HAp) on titanium was achieved by cathodic polarization in solution containing
calcium nitrate and ammonium dihydrogen phosphate. The composition and pH of the bath were found to significantly affect the
nature and surface morphology of the deposit. The effect of bath temperature was also studied. X-ray diffraction tests and microscopic
inspections confirmed the formation of well-crystallized HAp at pH0 ) 6.0 at any temperature between 70 and 95 °C, whereas, at
pH0 ) 4.2, less-crystallized, thicker, and more porous coatings that contained traces of octacalcium phosphate were observed. The
influence of potassium chloride and sodium nitrite on the composition and surface morphology of the deposit was also evaluated.
A speciation-precipitation model was applied to better understand the effect of bath conditions. The standard enthalpy of activation
was ∼40 kJ mol-1, indicating that the reaction kinetics is controlled by the interfacial area. The corrosion resistance of the coatings
was determined by open-circuit potential and cyclic potentiodynamic polarization measurements in a simulated body fluid. The
samples coated at pH0 ) 6.0 exhibited nobler behavior. The ability to modify the chemistry and surface morphology of the coating
by fine control of bath composition, pH, and temperature makes electrochemical deposition a versatile process for deposition of
coatings on implants, with a tailored body response.

1. Introduction
Apatite is the primary inorganic constituent of all mammalian
skeletal and dental tissues. It belongs to the family of calcium
phosphates (CaP), which includes, among others, hydroxyapatite
(HAp, Ca5(PO4)3(OH)), R- and β-tricalcium phosphates (TCP,
Ca3(PO4)2), octacalcium phosphate (OCP, Ca4(HPO4)(PO4)2 ·
2.5H2O), dibasic calcium phosphate dihydrate (brushite, DCPD,
CaHPO4 · 2H2O), dibasic calcium phosphate anhydrous (monetite, DCPA, CaHPO4), and amorphous calcium phosphate
(ACP, Ca3(PO4)2 · xH2O, x ) 3-4.5). Biological apatites deviate
from the stoichiometric composition of HAp, and contain small
amounts of Mg2+, Na+, K+, CO32-, Cl- and F-. In their
synthetic form, apatites are typically bioactive ceramics, which
are more osteoconductive than metal surfaces, and form direct
bonds with adjacent hard tissues. Hence, several types of
synthetic apatites are now commercially available for use in
bone repair, bone augmentation, bone substitution, and as
coatings on dental and orthopedic implants.
Several methods have been explored to deposit CaP coatings
in order to enhance implant fixation. Plasma spraying is the
most common technology used commercially. Since the early
1990s, however, much interest in electrodeposition has evolved
due to (1) the low temperatures involved, which enable
formation of highly crystalline deposits with low solubility in
body fluids and low residual stresses, (2) the ability to coat
porous, geometrically complex, or non-line-of-sight surfaces,
(3) the ability to control the thickness, composition, and
microstructure of the deposit, (4) the possible improvement of
the substrate/coating bond strength, and (5) the availability and
low cost of equipment.
The performance of CaP coatings, both in vitro and in vivo,
depends markedly on their chemical composition, crystallographic structure, surface morphology, surface roughness, and
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porosity. Hacking et al., for instance, have shown that topography is more dominant than chemistry in providing HAp-coated
implants with good ossointegration.1 In addition, local changes
in the chemistry and pH of body fluids may be responsible for
the variation in the size and shape of bone apatite crystals. If
so, the study of electrocrystallization in vitro may aid in better
understanding the process of biomineralization and the factors
that govern it in vivo. Thus, the objective of this work is to
demonstrate the effects of the electrolyte solution composition,
pH, and temperature on the microscopic and macroscopic
characteristics of the resulting CaP deposits on CP-Ti.

2. Experimental Section
A sheet made of CP-Ti grade 2 (supplied by Scope Metal Trading
and Technical Services Ltd.) was used as a cathode. Square specimens,
10 × 10 mm2, were cut from the 5-mm-thick sheet. Prior to
electrodeposition, the exposed surfaces were mechanically ground on
SiC papers from P120 to P1000 grit. Next, the electrodes were washed
thoroughly with running deionized (DI) water, rinsed, ultrasonically
degreased with acetone, and dried. Electrodeposition was carried out
by means of a standard three-electrode cell, where platinum foil was
used as the anode, and a saturated calomel electrode (SCE) was used
as the reference electrode.
The electrolyte solution used for the electrodeposition of CaP was
based on calcium nitrate (Ca(NO3)2) and ammonium dihydrogen
phosphate (NH4H2PO4), both AR-grade from Merck (Darmstadt,
Germany). The powders were dissolved in Millipore water (Milli-DI).
Two types of solutions were prepared: (i) 0.61 mM Ca(NO3)2, 0.36
mM NH4H2PO4, pH0 ) 6.0; and (ii) 20 mM Ca(NO3)2, 12 mM
NH4H2PO4, pH0 ) 4.2. The bath composition and pH values were
matched based on the solubility isotherm for HAp in the ternary system
Ca(OH)2-H3PO4-H2O.2 The rationale behind choosing these two pH
values was that on surgical insertion of a new implant, the pH of the
body fluid in vicinity of the implant may drop to as low as 4.0, for
example, due to bacterial infection. This condition may last for several
weeks, thus affecting the biomineralization process. In addition, different
electrocrystallization modes could be expected due to more than one
order of magnitude difference between the concentrations of ions in
the two solutions. In order to modify the ionic strength of the solution,
0.01, 0.1 or 1 M additive (either potassium chloride, KCl, or sodium
nitrite, NaNO2) was added to some baths. The pH was adjusted to its
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initial desired value by either HCl or NaOH additions, and measured
by InoLab pH/Oxi Level 3 meter (WTW). During the electrodeposition
process itself, CO2-free nitrogen gas (99.999% purity) was continuously
purged into the electrolyte to minimize the risk of contamination of
the deposits by carbonates. In addition, stirring was carried out. A Lauda
Ecoline E-220T thermostatic bath was used to maintain a constant
temperature (within the range 60 to 95 ( 0.1 °C). An EG&G/PAR
263A potentionstat/galvanostat was employed to maintain the cathode
potential at -1.4 V vs SCE for 2-3 h.
The samples were weighed before and after deposition, using an
electronic balance (Sartorius’ Basic BA 210 S). Mean weight values
were calculated for five samples deposited under identical conditions.
Phase identification was carried out by X-ray diffraction (XRD). To
this aim, a Θ-Θ powder diffractometer from Scintag, equipped with a
liquid nitrogen-cooled germanium solid-state detector and Cu KR
radiation source, was used. The data was collected at a scan rate of
1°/min, from 2Θ ) 20° to 60°. Fourier transform infrared spectroscopy
(FT-IR) was used to determine the vibration modes characteristic of
the CaP coating. For this purpose, a Vector 200 spectrometer from
Bruker, operated in the attenuated total reflectance (ATR) mode, was
used. The morphology of the deposits after drying was imaged by
scanning electron microscope (SEM, Jeol model JSM-6300). The
attached energy dispersive spectroscopy (EDS, Oxford Isis system) was
used to estimate the Ca/P ratio as well as to identify other elements
present in the deposit. A PicoSPM (Molecular Imaging) electrochemical
atomic force microscope (EC-AFM) was used ex situ. Imaging was
done under contact mode, using tips made of Si3N4 (Veeco). Both
topography and deflection (error signal) images were acquired, the latter
representing the gradient of shape change. The mean length and mean
width of the CaP crystals were determined by direct measurement of
features on the deflection image. The mean thickness, on the other hand,
was determined from line scans on the topography image. Metallographic cross-sections were also prepared and analyzed. The morphology and thickness of the coating were evaluated from the cross-sections
by means of Olympus IX71 light microscope, equipped with ColorView
II CCD camera and analySISdocu software package, both from Soft
Imaging System. The thickness of the coating was also measured by
SEM.
Corrosion measurements of both uncoated and coated samples were
carried out in Ringer’s simulated body fluid (SBF, 8.60 g L-1 NaCl,
0.33 g L-1 CaCl2, 0.30 g L-1 KCl) at pH ) 7.4 and T ) 37 ( 0.1 °C.
For the corrosion tests, an EG&G/PAR 263A potentionstat/galvanostat
and a CorrWare/CorrView (ver. 2.6b) software package from Scribner
Associates, for data acquisition and data analysis, were used. First, the
open-circuit potential (OCP) was monitored as a function of time for
60 min, or until a stable potential (namely, the corrosion potential, Ecorr)
was attained. Next, a cyclic potentiodynamic polarization measurement
was carried out. The potential was scanned from -0.25 V vs OCP to
+4.5 V vs SCE at a sweep rate of 10 mV min-1; then, the scan was
reversed in the negative direction.

3. Results and Discussion
Typical current density transients, monitored during potentiostatic deposition of CaP at 90 °C, are shown in Figure 1a,b
for baths at pH0 ) 6.0 and pH0 ) 4.2, respectively. The shape
of the transients in Figure 1a is typical of electrodeposition in
the presence of overlap between diffusion fields around growing
nuclei. This shape has been associated with precipitation of HAp
from solution, following two stages: (1) instantaneous nucleation, two-dimensional growth; (2) progressive nucleation, threedimensional growth.3 The shape of the current transients in
Figure 1b is much different. The current density value at steady
state is similar to that at the maximum in Figure 1a, although
it typically takes less time to reach the latter. On the other hand,
it takes longer times to reach steady state in Figure 1a, and the
current density value at steady state is less than half that in
Figure 1b. This difference could, in principle, be related to the
higher concentrations of ions in the solution at pH0 ) 4.2, which
increase the driving force for diffusion-related phenomena. It
is well-known that changes in the surface state of the substrate,
in the overpotential, and in the solution concentration close to

Eliaz and Sridhar

Figure 1. Current density transients during potentiostatic deposition
of CaP on CP-Ti at 90 °C: (a) pH0 ) 6.0, (b) pH0 ) 4.2.

the surface may all affect the shape of the current transient
significantly. Different current transients may represent different
electrochemical processes that take place. As will be shown
below, the difference in the shape of the current transients
represents also a difference in the nature of the deposit formed;
coatings deposited at pH0 ) 4.2 were thicker and exhibited
different surface morphology, chemistry, and phase composition.
The phases present in different coatings were identified by
means of XRD. Indexing was made with reference to the JCPDS
files for pure Ti (#44-1294), HAp (#09-0432), OCP (#44-0778
and 26-1056), R-TCP (#09-0348), β-TCP (#09-0169), brushite
(#09-0077 and 11-0293), and monetite (#09-0080, 04-0513 and
03-0398). When comparing the measured d values to those in
the standard files, it was not always possible to index the
reflections based on a deviation smaller than (0.01 Å. The shift
in the measured reflections may be associated with the nonpowder character of the electrodeposited samples, different
processing techniques, distortions in the unit cell dimensions,
etc. Figure 2a compares typical XRD spectra for coatings
deposited for 3 h from a bath at pH0 ) 4.2, at different
temperatures. In all patterns, reflections (002), (101), (102) and
(100) from the titanium substrate are evident, indicating that
the coating is either very thin or porous. When comparing to
JCPDS file #44-1294, it becomes apparent that these reflections
represent a nonrandom, preferred orientation (texture) of the
substrate, with its grains being oriented with their {002} planes
parallel to the sheet surface. This may be attributed, for example,
to well-defined, platy habits in titanium.4 At all temperatures,
HAp is the primary constituent of the coating. Its strongest
reflection at ∼26° indicates that it has a preferred orientation
along the {002} planes. The high frequency of these planes may
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Figure 2. The effect of bath temperature on the XRD spectra from
coatings deposited for 3 h from a bath at (a) pH0 ) 4.2 and (b) pH0 )
6.0.

be related to a plate-like morphology, as evident in Figure 8a-d.
As a result of a strong preferred orientation, the peak intensities
cannot be related to those expected from the powder diffraction
file.4 This texture becomes less pronounced at 90 °C. A similar
phenomenon of preferred orientation of apatite coatings on
titanium substrates has been reported before.3,5,6 In some
coatings deposited from the bath at pH0 ) 4.2, OCP was found
to coexist along with HAp. Its characteristic reflections are
marked by “OCP” in Figure 2a. The possible presence of traces
of DCPA was found ambiguous. As a result of increasing the
bath temperature to 90 °C, the presence of OCP was eliminated.
It has been observed that pH values lower than 4.4 require higher
temperatures for precipitation of HAp.7
Figure 2b compares typical XRD spectra for coatings
deposited at different temperatures for 3 h from a bath at pH0
) 6.0. In this case, all reflections are assigned to HAp and to
the base metal, but not to any other CaP phase. Preferred
orientation of both the substrate and the HAp coating is also
evident. The peaks in Figure 2b are sharper and narrower than
those in Figure 2a. This observation indicates that the level of
crystallinity in the coatings deposited from the bath at pH0 )
6.0 is higher than that in coatings deposited from the bath at
pH0 ) 4.2. Previously, the content of the noncrystalline phase
in a coating deposited at 85 °C from a bath at pH0 ) 6.0 was
measured as less than 5%.8 It is well-known that stoichiometric
HAp coatings are more crystalline, and therefore less soluble
in vitro and in vivo, than other CaP coatings. This could be of
benefit in increasing the long-term durability of such coatings
when applied on orthopedic implants. Dividing the intensity of
the (002) reflection of HAp by the (002) reflection of the Ti
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Figure 3. The effect of deposition time on the XRD patterns from
samples coated at (a) pH0 ) 4.2, T ) 90 °C; and (b) pH0 ) 6.0, T )
85 °C.

Figure 4. The distribution of phosphate species as a function of pH at
37 °C, 0.36 mM total analytical concentration of phosphate, and free
hydrogen concentration of 10-6 M.

substrate, for the same bath temperature, results in higher values
for the bath at pH0 ) 4.2. This implies that the coatings
deposited at pH0 ) 4.2 are thicker than those deposited at pH0
) 6.0, or that the latter are more porous.
Figure 3 demonstrates the effect of deposition time on the
XRD patterns. Figure 3a represents deposition at 90 °C from a
bath at pH0 ) 4.2, whereas Figure 3b represents deposition at
85 °C from a bath at pH0 ) 6.0. As expected, the ratio between
the strongest reflection of the coating and the strongest reflection
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of the substrate increases (for each bath) with deposition time,
thus indicating an increase in coating thickness. Already after
1 h, no evidence exists for precursor phases, such as OCP that
was previously identified.9 At pH0 ) 4.2, the intensities of the
(211) and (112) reflections of HAp become more prominent in
comparison to its (002) reflection as the deposition time is
increased from 1 to 3 h.
The electrolyte solutions in this study contained dihydrogen
phosphate. Its deprotonation reaction, forming HPO42-, serves
as an important biological buffer system, which operates in the
internal fluid of all cells, stabilizing the pH at around 7.21 (in
mammals, pH ) 6.9-7.4). Thus, the speciation curves of
phosphoric acid may aid, at least to some extent, in understanding the effect of pH on the electrocrystallization of CaP. In this
work, the chemical equilibrium code ChemEQL version 3.010
was used to generate the speciation curves shown in Figure 4.
Equations 1 through 3, which define the temperature dependence of the dissociation constants of phosphoric acid,11 allowed
for making speciation calculations at different solution temperatures:
+
H3PO4 f H2POpK1 )
4 +H

-4.5535 + 0.01349T +

799.3
T

(1)

2+
pK2 )
H2PO4 f HPO4 + H

1979.5
-5.3541 + 0.01984T +
T
3+
pK3 ) 12.023
HPO24 f PO4 + H

log10 γ( ) -Azi2√I
(2)
(3)

At 37 °C one gets pK1 ) 2.207, pK2 ) 7.182, and pK3 ) 12.023.
Similar values have been reported elsewhere.12,13 The ionic
product of water was calculated from14

H2O f H+ + OH- pKw ) -22.801 + 0.010365T +
4787.3
+ 7.1321 log10 T
T

This powerful program for Windows was written in the
C-language. Although the program is based on equilibrium
chemistry of aqueous solutions interacting with minerals, gases,
solid solutions, exchangers and sorption surfaces, it also includes
the capability to model kinetic reactions. Thus, it has gained
much popularity in simulating chemical reactions and transport
processes in natural or polluted waters. This program has already
been applied in studies of CaP precipitation.17-21 While
PHREEQC is more powerful than ChemEQL, it is also more
complicated to operate and requires additional input, for
example, pE (a measure of the availability of electrons in the
solution and, thus, of the solution’s reducing power). Therefore,
it was decided to compare the output of both programs for the
simplest case of solution chemistry, that is, the one that contains
only species of phosphoric acid. When defining in the input
file pE ) 4 and alkalinity ) 2.0 for the phosphate master species
(used in the mole-balance equation for alkalinity), PHREEQC
gave exactly the same results as ChemEQL.
The next step is to determine the synergistic effects of bath
temperature, pH, and composition on the ionic strength, free
ion activities product (IAP) and saturation index (SI) of various
CaP phases. To this aim, PHREEQC was used. The activities
were calculated using the Debye-Hückel equation for very
dilute solutions:

(4)

Thus, at 37 °C one gets pKw ) 13.62.
Figure 4 shows the speciation of phosphoric acid at 37 °C.
The total analytical concentration of phosphate was defined as
0.36 mM, and the free concentration of the hydrogen cation
was defined as 10-6 M. The decrease in the density of water as
the bath temperature is increased to 37 °C was neglected. This
figure shows that once the solution was prepared, some of the
H2PO4- ions deprotonated, forming HPO42-. For pH values in
the range of 7.2-12.0, the predominant species is HPO42-,
whereas above pH ) 12.0 the triply charged anion PO43becomes the most abundant species. Similar calculations can
be made for the bath at pH0 ) 4.2. In this case, however, some
of the H2PO4- ions immediately protonate, forming H3PO4. It
should be emphasized that only orthophosphate salts are
considered herein, because metaphosphates and pyrophosphates
hydrolyze in body fluids. It should also be noted that, based on
calculations of the limiting current density for all possible
cathodic reactions, Eliaz and Eliyahu concluded that, in a bath
initially at pH ) 6.0, H2PO4- is indeed the primary supplier of
PO43- ions, which are necessary for the precipitation of HAp.3
It was also explained that the local pH in vicinity of the working
electrode surface must first increase before significant precipitation of HAp could take place. This was recently supported by
the observation of incubation period in real-time electrochemical
quartz crystal microbalance (EQCM) measurements.9
In order to validate Figure 4, the calculation was repeated,
using PHREEQC version 2 geochemical computer program.16

(5)

where γ( is the mean ionic activity coefficient, A is a
temperature-dependent constant, zi is the ionic charge of the
aqueous species i, and I is the ionic strength of the solution,
defined as
n

I)

∑

1
c z2
2 i)1 i i

(6)

where ci is the analytical concentration of species i. The constant
A is calculated as

A ) 1.8246 × 106(εwT)-3⁄2 [dm3 · mol-1]1⁄2

(7)

where εw is the dielectric constant of water and T is the absolute
temperature (in Kelvin degrees). It is recognized here that the
dielectric constant of dilute solutions is the same as the dielectric
constant of water. Its temperature dependence was taken into
account using the fitting equation:15

εw ) 88.089514 - 0.405316T + 8.832192 × 10-4T2 9.737740 × 10-7T3 (8)
in which T is substituted in Celsius degrees. Substituting T )
25 °C into this equation, one gets the well-known value εw )
78.5.
The SI of a solution with respect to a precipitate phase is
defined as

( )

SI ) log10

IAP
Ksp

(9)

where Ksp is the thermodynamic solubility product. When SI
) 0, the solution is in equilibrium (mineral reacts fast enough
to maintain equilibrium). On the other hand, SI < 0 and SI >
0 indicate undersaturation (mineral should dissolve) and supersaturation (mineral should precipitate spontaneously), respectively. At low positive values of SI, a metastable zone may also
exist. In this zone, although the solution is already supersaturated, the kinetics of precipitation is very slow.17
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Several chemical reactions may all result in the formation of
HAp, for example19

5CaHPO4 + H2O f Ca5(PO4)3(OH) + 2H3PO4
(10.1)
5Ca2+ + 3PO34 + OH f Ca5(PO4)3(OH)

(10.2)

and
2+
3HPO2+ H2O f Ca5(PO4)3(OH) + 4H+
4 + 5Ca
(10.3)

The ion activities products for different CaP phases are defined
as
5
3
IAP(HAp) ) aCa
2+aPO3-aOH4

(11.1)

IAP(DCPD) ) aCa2+aHPO24

(11.2)

4
3
IAP(OCP) ) aCa
2+aPO3-aH+
4

(11.3)

etc. The temperature dependence of the solubility product of
several calcium phosphates may be defined as21,22

log10 Ksp(HAp) ) -1.6657 - 0.098215T -

8219.41
T
(12)

log10 Ksp(DCPD) ) 18.180752 - 0.0420307T -

log10 Ksp(DCPA) ) 8.4463 - 0.03156T -

3649.5701
T
(13)

1774.7676
T
(14)

At 25 °C, for example, eq 12 predicts pKsp (HAp) ) 58.51, a
well-known value.17 In addition to these equations, the pKsp
value for OCP at 37 °C equals 48.7.23 In the precipitation
calculations, data on several ion pairs is also needed, including23
+
Ca2+ + H2PO4 f CaH2PO4

Ca2+ + HPO24 f CaHPO4

log10 K4 ) 57.1388 8232.51
0.09592T T
log10 K5 ) -81.1027 +
12213.79
0.14275T +
T

(15)

(16)

Ca2+ + PO34 f CaPO4

log10 K6 ) 6.4624

(17)

Ca2+ + OH- f CaOH+

log10 K7 ) 1.3010

(18)

pK8 ) -0.6322 + 0.00123T +

2835.8
T
(19)

14

For nitrogen species:
+
NH+
4 f NH3 + H

Finally, the temperature dependence of the density of water
within the temperature range 0-100 °C may be described by
the equation:15

sign[T(°C) - 4] × (1 - Fw)0.49 )
1
1 2
3859.614322
T(°K) 273.15
1
1
- 0.011067
220.434893
T(°K) 273.15

[

[

]

]

(20)

where Fw is the density of water at a given temperature T, in
units of g cm-3.
PHREEQC was used to evaluate the possible precipitation
in each of the two solutions (0.61 mM Ca(NO3)2, 0.36 mM
NH4H2PO4, free hydrogen concentration 1.0 × 10-6 M; 20 mM
Ca(NO3)2, 12 mM NH4H2PO4, free hydrogen concentration 6.3
× 10-5 M), at either T ) 60 °C or T ) 90 °C (the two extreme
temperatures).
At T ) 60°C: pK1 ) 2.339, pK2 ) 7.197, pK3 ) 12.023,
pK4 ) -0.475, pK5 ) -3.111, pK6 ) -6.462, pK7 ) -1.301,
pK8 ) 8.293, pKw ) 13.017, εw ) 66.74, A ) 0.551
(dm3 · mol-1)1/2, Fw ) 0.983 g · cm-3, pKsp(HAp) ) 59.054,
pKsp(DCPD) ) 6.775, pKsp(DCPA) ) 7.393, and pKsp(OCP)
∼ 48.7.
At T ) 90°C: pK1 ) 2.545, pK2 ) 7.301, pK3 ) 12.023,
pK4 ) +0.359, pK5 ) -4.362, pK6 ) -6.462, pK7 ) -1.301,
pK8 ) 7.626, pKw ) 12.407, εw ) 58.06, A ) 0.596
(dm3 · mol-1)1/2, Fw ) 0.966 g · cm-3, pKsp(HAp) ) 59.961,
pKsp(DCPD) ) 7.130, pKsp(DCPA) ) 7.899, and pKsp(OCP)
∼ 48.7.
Figure 5 shows the pH dependence of the ionic strength of
the solution (line) and the saturation indices of HAp, OCP,
DCPA and DCPD (lines with symbols). In Figure 5a,c the
solution was that with initial pH0 ) 4.2, whereas Figure 5b,d
represents the solution initially at pH0 ) 6.0. While Figure 5a,b
represents baths at T ) 60 °C, Figure 5c,d represents baths at
T ) 90 °C. Thus, the synergistic effects of bath composition,
pH and temperature can be deduced. In Figure 5a, the ionic
strength first decreases a little bit and then increases as the pH
is increased. The increase in the ionic strength is divided into
two stages: slow over a wide pH range, and rapid at high pH
values. According to this figure, both DCPA and DCPD have
SI < 0 over the whole pH range and are therefore not expected
to be present in the deposit. The presence of HAp in the deposit
requires from a thermodynamic standpoint that a pH of at least
7.2 is first established in vicinity to the surface of the cathode.
OCP is expected to precipitate spontaneously over the whole
pH range. The solution is always more supersaturated with
respect to OCP than with respect to HAp. As the pH is increased,
the level of saturation of HAp is increased (up to pH ) 11.6),
while those of DCPA, DCPD and OCP are decreased. Comparison to Figure 5b allows to determine the effect of bath
composition at T ) 60 °C. As a result of decreasing the
analytical concentrations of Ca(NO3)2 and NH4H2PO4 in the
initial solution, the ionic strength of the solution is decreased
in Figure 5b. However, HAp becomes significantly supersaturated over the whole pH range. OCP may exist in the deposit
only if the pH reached 7.4-11.8 during the process. DCPA may
form within the range pH ) 7.6-8.6, although its level of
supersaturation is very low. DCPD is not expected to be present
in the deposit. In order to understand the origin of the increase
of the SI of HAp when the pH is raised from 4.2 to 7.2 in Figure
5a, the activities (in molal units) of the different species in
solution are compared in Table 1. It is evident that only the
increase in the activity of the hydroxyl anion makes the IAP
high enough to allow spontaneous precipitation of HAp. The
activities of different ion pairs are also comparable, as listed in
Table 1. The increase in the SI of HAp when the pH is increased
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Figure 5. The dependence of the ionic strength (I) and the saturation indices (SI) of four different calcium phosphates on the analytical composition
of the solution as well as on its pH and temperature. The I values are drawn as a solid line, whereas the SI values are drawn as lines with symbols.
(a) Solution ii, T ) 60 °C, (b) Solution i, T ) 60 °C, (c) Solution ii, T ) 90 °C, and (d) Solution i, T ) 90 °C.
Table 1. The Activities (in Molal Units) of Species in Different Solutions
solutiona
ii
ii
i
ii
i
a

T (°C)
60
60
60
90
90

pH
4.2
7.2
7.2
7.2
7.2

Ca2+

OH-

PO43-3

4.50 × 10
4.51 × 10-3
4.53 × 10-4
4.85 × 10-3
3.07 × 10-4

-7

7.76 × 10
7.76 × 10-7
1.92 × 10-9
1.62 × 10-9
5.87 × 10-10

HPO42-9

1.52 × 10
1.52 × 10-6
1.52 × 10-6
6.20 × 10-6
6.21 × 10-6

-23

4.64 × 10
4.64 × 10-26
1.28 × 10-4
1.08 × 10-4
3.90 × 10-5

CaHPO4
-22

2.70 × 10
2.70 × 10-25
7.49 × 10-5
1.20 × 10-2
2.75 × 10-4

CaPO4-2

1.01 × 10
1.01 × 10-2
2.53 × 10-6
2.28 × 10-5
5.21 × 10-7

CaOH+
-10

1.37 × 10
1.37 × 10-7
1.38 × 10-8
6.02 × 10-7
3.81 × 10-8

CaH2PO4+
2.50 × 10-36
0
1.72 × 10-7
2.89 × 10-7
6.61 × 10-9

(i) 0.61 mM Ca(NO3)2, 0.36 mM NH4H2PO4, pH0 ) 6.0. (ii) 20 mM Ca(NO3)2, 12 mM NH4H2PO4, pH0 ) 4.2.

from 4.2 to 7.2 cannot be associated with increase in the
activities of species such as CaHPO4 or HPO42- (see eqs 10.1
and 10.3, respectively). Comparison is made between the species
distribution at pH ) 7.2 in solutions with different compositions
at 60 °C (Figure 5a,b). The higher SI in Figure 5b cannot be
explained in terms of increase in the activities of the calcium
cations, phosphate and hydroxyl anions. Instead, CaHPO4 or
HPO42- may have become more dominant in the formation of
HAp.
Comparison between Figure 5c and Figure 5a allows for
determining the effect of bath temperature. As a result of
increasing the temperature, the ion strength did not change
significantly, albeit a less steady behavior is observed at 90 °C.
However, the solution at 90 °C becomes most supersaturated
with respect to HAp no matter the pH is, and its SI value is
higher and positive throughout the whole pH range. The SI value
for OCP is positive only within the range pH ) 5.0 through
12.0. There is also pH range within which both DCPA and
DCPD may precipitate. The distribution of species at T ) 90

°C is listed in Table 1. The increased SI(HAp) value at the
higher temperature may be attributed primarily to the significant
increase in the activities of CaHPO4 and HPO42-.
Finally, comparison of Figure 5d to Figure 5c allows
determining the effect of solution composition while its
comparison to Figure 5b allows determining the effect of
temperature. The ionic strength of the solution in Figure 5d is
slightly lower than that of the other two solutions. In Figure
5d, only the SI of HAp is positive throughout the whole pH
range. Its value is similar to than in Figure 5b, that is, the
temperature difference is not significant with respect to the
stability of the HAp phase. At 90 °C, OCP may also be stable
at pH values between 6.8 and 12.4, while a very low level of
supersaturation of DCPA exists between pH ) 7.0 and pH )
9.0. The distribution of species at T ) 90 °C and pH ) 7.2 is
listed in Table 1. The species distribution in the solution
containing analytical concentrations of 0.61 mM Ca(NO3)2 and
0.36 mM NH4H2PO4 does not change significantly when the
solution temperature is raised from 60 to 90 °C. However,
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compared to Figure 5c, there is approximately two orders of
magnitude difference between the activities of aCaPO4-, aCaHPO4,
and aCaH2PO4+ in both solutions. Such a difference, particularly
in the activity of CaHPO4, may be responsible to the different
current density transients shown in Figure 1.
It should be noted that the calcium phosphates system is very
complex, and thermodynamic factors such as the solubility
product are often not sufficient in predicting the first phase to
precipitate. Thus, a solid phase may precipitate and undergo
transformation into phases of higher stability. For example,
Abbona et al.24 reported that brushite was the first to precipitate,
alone or with ACP, from solutions more supersaturated with
respect to other phases such as OCP and HAp. This behavior
was explained in terms of the lower interfacial tension of
brushite and the lowest number of atoms in its unit cell. On the
other hand, precipitation of monetite occurred only at high
phosphate concentrations in a narrow regime where ACP did
not form. Ferreira et al.25 studied the effect of controlled
experimental conditions on the reactive crystallization of brushite
and proposed HAp as a precursor phase. Subsequently, Oliveira
et al.26 developed a dynamical model that explains the kinetic
mechanisms that govern the transformation of HAp into brushite
and the growth of brushite. A range of initial reagent concentrations was examined, and the model was validated with respect
to the calcium mass evolution in solution and the particle size
distribution. Abbona et al.27 further studied the effects of pH,
temperature, concentration and supersaturation on the crystal
morphologies and growth mechanisms of brushite. At T ) 40
°C, high supersaturation and low pH, monetite was found as
the main product. However, at high pH, either OCP or ACP
was formed at low and at high supersaturation, respectively.
Figure 6 demonstrates the effect of bath additives on the XRD
patterns from coatings deposited for 3 h at 90 °C and pH0 )
6.0. For both KCl (Figure 6a) and NaNO2 (Figure 6b), HAp
was the only CaP phase present in the coating, no matter the
concentration of additive was. The diffraction peaks are fairly
narrow, indicating high crystallinity of the coatings. From Figure
6a it is evident that the addition of 0.01 M KCl resulted in a
thicker (or less porous) coating, while the addition of 0.10 M
KCl resulted in the thinnest (or most porous) coating. No sign
to the presence of K-containing CaP phases exists in this figure.
When comparing to a coating deposited for the same time from a
bath at the same pH and temperature, but with no additive (Figure
2b), it seems that the addition of KCl allowed for the formation of
thicker coatings. This additive is known to increase the ionic
strength and conductivity of the solution, reduce the polarization,
increase the cathode and anode efficiencies, as well as increase
the throwing power. Chloride ions are actually added to commercial
nickel sulfate (and other) electroplating baths.
Sodium nitrite is also expected to increase the ionic strength
and conductivity of the Ca(NO3)2-NH4H2PO4 solution. It is a
strong reducing agent, very soluble in water, useful as a
corrosion inhibitor as well as in preventing the growth of
bacteria, etc. From Figure 6b it is evident that the thickness of
the coating was increased (and/or its porosity was decreased)
as the concentration of NaNO2 added to the bath was increased
from 0.01 to 1.00 M. No indication to the presence of
Na-containing CaP phases exists in this figure. When comparing
to Figure 6a it becomes apparent that the addition of NaNO2
resulted in more resolved reflections and less pronounced
preferred orientation of the HAp coating, compared to the
addition of KCl.
PHREEQC was used to calculate the ionic strength and the
saturation index for HAp in a solution initially at pH0 ) 6.0
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Figure 6. The effect of bath additives on the XRD patterns from
coatings deposited for 3 h at 90 °C and pH0 ) 6.0: (a) potassium
chloride and (b) sodium nitrite.
Table 2. Effect of Additives on the Ionic Strength and the
Saturation Index of HApa
NaNO2
cadditive (M)
0
0.01
0.10
1.00
a

I

KCl
SI

-3

1.18 × 10
6.41 × 10-3
5.33 × 10-2
5.40 × 10-1

52.34
51.97
50.90
48.24

I

SI
-3

1.18 × 10
1.16 × 10-2
1.06 × 10-1
1.124

52.34
51.75
50.33
46.64

The solution is of composition i, at pH ) 6.0 and T ) 90 °C.

and T ) 90 °C. The results are summarized in Table 2. It is
evident that, in all cases, SI(HAp) > 0, namely, HAp may be
identified in all coatings, as actually observed in Figure 6. For
both KCl and NaNO2 additions, an increase in the ionic strength
of the solution is accompanied by a decrease in the saturation
index of HAp, that is, by a decrease in the tendency of this
phase to precipitate.
FT-IR spectra from CaP coatings deposited at pH0 ) 4.2 and
pH0 ) 6.0 are shown in Figure 7a,b, respectively. Theoretically,
there are four vibration modes (ν1-ν4) present for the PO43ion. The ν4 (asymmetric bending) bands at 520-660 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 apatites. The ν2 band of
PO43- is positioned around 469-473 cm-1. A libration band
at ∼630 cm-1 is typical of structural OH- in HAp; in Figure
7b it is evident at 628 cm-1, whereas in Figure 7a it is not
evident. The O-H stretching vibration is unique for HAp, and
its intensity is considerably weaker compared to the strong P-O
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Figure 8. Typical surface morphologies (SEM images) of CaP coatings
deposited under different conditions: (a) pH0 ) 4.2, 60 °C, 2 h; (b)
pH0 ) 4.2, 85 °C, 4 h; (c) pH0 ) 6.0, 80 °C, 3 h; (d) pH0 ) 6.0, 90
°C, 3 h; (e) pH0 ) 6.0, 90 °C, 3 h, addition of 0.01 M KCl; and (f)
pH0 ) 6.0, 90 °C, 3 h, addition of 1.00 M NaNO2. All scale bars are
10 µm.

Figure 7. FT-IR spectra from Ti samples coated with CaP at: (a) pH0
) 4.2, T ) 90 °C, t ) 2 h; and (b) pH0 ) 6.0, T ) 85 °C, t ) 2 h.

stretching vibration because of the stoichiometry of HAp. A
band in the region ∼950-980 cm-1 results from the ν1
stretching vibration of PO43- (see peak at 958 cm-1 in Figure
7b, and peak at 963 cm-1 in Figure 7a). The ν3 band of PO43has mostly been indexed in the range 1040-1125 cm-1. Bands
(ν3) at 1370-1650 cm-1 are attributed to the presence of
adsorbed (surface) CO32-. The number of these peaks is higher
in Figure 7a than in Figure 7b. The origin of this carbonate
could be the atmosphere (e.g., in the IR chamber). The peaks
around 2350 cm-1 are indicative of absorbed CO32-. Although
these peaks are more distinct in Figure 7a than in Figure 7b, it
should be noted that in other experiments distinct carbonate
peaks were either observed also in coatings deposited at pH0 )
6.0, or were much shallower in coatings deposited at pH0 )
4.2. Thus, it cannot be concluded that carbonate contamination
is more significant in baths at pH0 ) 4.2 than in baths at pH0
) 6.0. It is well-known that the carbonate ion may substitute
for either the hydroxyl or the phosphate ions in HAp. The CO3for-PO4 substitution was shown to cause reduction in crystallinity and change in the shape of crystals from acicular to rodshape, and then to equiaxed flat crystals.28 However, in the
present study CO2-free nitrogen gas was continuously purged
into the electrolyte during the electrodeposition process, in order
to eliminate the risk of contamination of the deposits by
carbonates. Furthermore, a pH of 4.2 should be too acidic for
the carbonate ion to be stable in solution. In fact, no reflections
of carbonate-containing CaP phases were observed in the XRD
patterns. Hence, it may be concluded that the FT-IR bands of
CO32- may solely be attributed to carbonate contamination from
air. A broadband in the range 2800-3600 cm-1 is attributed to

the stretching vibrations of hydrogen-bonded adsorbed water
and hydroxyl ions. Structural OH- stretching peak at ∼3572
cm-1 is typical of HAp (and does not appear, for example, in
the FT-IR spectrum of OCP). On the other hand, an extended
noise at ∼3600-3900 cm-1 (see Figure 7) may indicate on a
rather wet (i.e., not just hydrated) sample.
The spectrum from a coating deposited at pH0 ) 4.2 contains
more peaks than the spectrum from a coating deposited at pH0
) 6.0, although differences as those reported by Shirkhanzadeh29
are not evident. Yet, a small absorption peak at ∼525 cm-1
does appear in Figure 7a only. This peak may be assigned to
the bending mode of the HPO42- group, which is characteristic
of crystalline acid phosphate, thus indicating the presence of
OCP. The bands at 858 and 915 cm-1 may be attributed to the
P-(OH) stretching mode of the acid orthophosphates groups.
Bands in this region are characteristic of OCP and are useful in
identifying its presence in mixtures with HAp. The peak at
∼1192 cm-1 is also believed to arise from hydrogen-bonded
OH between O3PO-H-OPO3 groups of HPO42- ions. The band
at ∼2362 cm-1 is characteristic of calcium-deficient apatite,
and corresponds to an interphosphate oxygen bond. The presence
of OCP only in the coating deposited at pH0 ) 4.2 may mean
that OCP is formed within a lower pH range compared to HAp,
and serves as precursor to the formation of HAp.9
The typical surface morphology of different coatings is
evident from the SEM images in Figure 8. Figure 8a shows
one region observed within a coating deposited at pH0 ) 4.2
and 60 °C for 2 h. The plate-like crystals are similar to those
related to DCPA, DCPD and OCP under different solution
conditions.27,29-33 The mean Ca/P atomic ratio (EDS) in this
area was 1.35, much smaller than that of HAp, but close to that
of OCP (1.33). Figure 8b shows the typical morphology of a
CaP coating deposited at pH0 ) 4.2 and 85 °C for 4 h. The
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platelets morphology in this case is much different from that in
Figure 8a. The Ca/P ratio was also significantly higher (1.65).
This supports the finding in Figure 2a that, as the bath
temperature was raised toward 90 °C, the OCP content decreased
and the coating became richer in HAp. Figure 8c shows the
typical morphology of a CaP coating deposited at pH0 ) 6.0
and 80 °C for 3 h. The platelets morphology in this case is
similar to that in Figure 8b. The Ca/P ratio for the coating shown
in Figure 8c was also 1.65. Note that each platelet seems to be
composed of whiskers. Figure 8d shows the typical morphology
of a CaP coating deposited at pH0 ) 6.0 and 90 °C for 3 h.
This coating was found to be thicker than that in Figure 8c, in
accordance with our previous observation of the effect of
temperature,34 and had Ca/P ) 1.63.
Figure 8e shows the typical morphology of a CaP coating
deposited in the presence of 0.01 M KCl at pH0 ) 6.0 and 90
°C for 3 h. Based on Figure 6a it has already been concluded
that the addition of KCl to the plating bath resulted in thicker
HAp coatings. From Figure 8e it is evident that the surface
morphology was changed significantly too, to needles (likely,
hexagons) that protrude upward from the substrate. The coating
is relatively dense and uniformly distributed, with only small
pores. On the basis of EDS analysis, the mean Ca/P ratio in
this coating equaled 1.63. It should be noted that when the
concentration of KCl in the bath was increased to 0.10 M and
then to 1.00 M, the Ca/P ratio in the coating was increased to
1.70 and 2.13, respectively. Thus, the presence of KCl seems
to result in Ca-enriched deposits. In addition, when the
concentration of KCl in the bath was 1.00 M, the CaP coating
became nonuniform and contained large pores. Figure 8f shows
the typical morphology of a CaP coating deposited in the
presence of 1.00 M NaNO2 at pH0 ) 6.0 and 90 °C for 3 h.
The dendritic morphology is clearly different from the other
surface morphologies described above. A similar dendritic
morphology was also observed when the concentration of
NaNO2 in the bath was reduced to 0.10 and 0.01 M. The Ca/P
ratio in all three cases was 1.68-1.71, only slightly higher than
the stoichiometric ratio for HAp. Interestingly, the addition of
NaNO2 in the present study resulted in a surface morphology
similar to that observed by Ban and Maruno under a combination
of high current density and high temperatures.31 The change in
surface morphology as a result of either KCl or NaNO2 additions
to the plating bath may be associated with their effect on the
activity of the calcium and phosphate ions in solution, and thus
on the solubility of the CaP salt.
Figure 8 shows that all coatings are crystalline in nature and
free of cracks. The high level of porosity may be related to the
formation at the surface and trapping inside the deposited layer
of hydrogen gas bubbles during electrodeposition. The presence
of adsorbed hydrogen gas bubbles might also interfere with the
deposition process, by reducing the number of sites available
for deposition of CaP and affecting mass transport processes.
Kumar et al. suggested that hydrogen evolution might decrease
the adhesion between the CaP coating and the substrate.35 On
the other hand, a high level of porosity shall provide a better
scaffold for integration of mineralized bone tissue, which may
be even more important than the chemistry of the CaP coating
per se, thus enhancing the biological fixation. It should also be
recalled that the biological mineral has two major functions,
mechanical and homeostatic.36 Not only do the biological apatite
crystals serve as a storage repository for Ca, Mg and phosphate
ions, they also reinforce the collagenous matrix, providing it
with high strength and rigidity also under compression. Hence,
it may be anticipated that the morphology of the CaP crystals
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Figure 9. AFM images of the top surface of coatings produced at: (a)
pH0 ) 6.0, T ) 90 °C, t ) 5 min; (b) pH0 ) 6.0, T ) 85 °C, t ) 2 h;
and (c) pH0 ) 6.0, T ) 90 °C, t ) 2 h, in the presence of 0.10 M KCl.
A 3D view of the latter sample is presented in (d).

would affect, among others, the mechanical properties of the
bone tissue. Regarding the EDS results, all spectra contained
peaks of Ca, P, O, and Ti only; in most cases, the Ca/P ratio
was close to 1.67, the minimum value required by the FDA for
HAp coatings.37
The topography of different coatings was also evaluated by
means of ex situ AFM imaging. Figure 9 shows some typical
AFM images. The deflection image is more sensitive than
topography images to delegate spatial information, such as sharp
edges. Figure 9a shows the top surface of a coating that was
deposited for 5 min only at pH0 ) 6.0, T ) 90 °C. The
morphology of this coating seems to be two-dimensional (2D),
with platelet crystals that are smaller than 200 nm in length
and width, and less than 20-nm thick (the latter dimension was
determined by AFM line scans on the topography image).
Similar findings have been reported for deposition at pH0 )
6.0, T ) 85 °C for either 1 or 10 min.3 Figure 9b shows the top
surface of a coating that was deposited for 2 h at pH0 ) 6.0, T
) 85 °C. Note that this image was acquired at a lower
magnification compared to Figure 9a. Topographical bands with
preferred orientation (and a columnar growth) are evident. Each
band seems to be a stacking (assembly) of several rods; or,
actually, hexagons. Each hexagon is approximately 137 nm in
diameter. Central holes can be noticed in the center of some of
these stackings. In addition, large pores are evident between
the bands. The morphology of crystals that appears in Figure
9b is similar to that of HAp crystals in mature human dental
enamel.38 This suggests that synthetic HAp coatings formed by
electrocrystallization are more biomimetic, at least with respect
to their structure and morphology, compared to those currently
produced by plasma spraying. Figure 9c shows the top surface
of a coating that was deposited for 3 h at pH0 ) 6.0, T ) 90
°C, in the presence of 0.10 M KCl. This high-magnification
image is similar to those observed for 3D growth from a bath
at pH0 ) 6.0, T ) 85 °C for either 30 or 60 min.3 A 3D view
of another zone on the same sample as in Figure 9c is presented
in Figure 9d. Terraces are distinct in Figure 9c, as well as crystal
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Figure 10. The dependence of the measured weight of coatings
deposited at pH0 ) 6.0 for 3 h on the bath temperature.

growth along a preferential direction. Based on the XRD data,
this direction is [002]. AFM images of coatings produced at
pH0 ) 4.2 or in the presence of NaNO2 are not presented here
because the high level of porosity and high roughness significantly hindered the AFM tip movement.
The dependence of the measured weight of coatings deposited
at pH0 ) 6.0 for 3 h on the bath temperature is shown in Figure
10. The coating weight is found to increase with increasing
temperature. Plotting the data from Figure 10 in the form of V
versus 1/T, where V is the deposition rate (in units of g (h · m2)-1)
and T is the absolute temperature, the following relation is
obtained:

1
Ln(ν) ) 14.74 - 4785 , R2 ) 0.9742
T

(21)

where R2 is the determination coefficient. It should be noted
that the relatively low value of R2 results from the narrow range
of temperatures (70-95 °C), based on which eq 21 was derived.
This narrow temperature range was associated with the conditions under which good electrodeposits of HAp could be formed
on CP-Ti from the same bath.34 Comparing to Arrhenius
equation

(

ν ) A/ exp -

∆G‡
RT

)

(22)

the standard enthalpy of activation is estimated to be

∆H‡ ≈ 40 ( 4kJ ⁄ mol

(23)

In eq 22, A* is a pre-exponential factor, R is the molar gas
constant, and ∆G‡ ) ∆H‡ - T∆S‡ is Gibbs energy of activation.
The value of the standard enthalpy of activation given in eq 23
is similar to the values reported by other investigators for apatites
growth,39,40 and is within the range typical of a wide variety of
mineral-solution alteration processes.41 Furthermore, while it
is too high for a bulk diffusion-controlled process, it is possible
for reaction kinetics that is controlled by the interfacial area.42
This conclusion is supported by the work of Eliaz and Eliyahu,
who concluded that mass transport could have only a secondary
role in the deposition of HAp, based on ex situ cyclic
voltammetry measurements.3
The thickness of the porous coatings was measured from
metallographic cross-sections, in accordance with ASTM F
1854. The combined effect of deposition time and pH on the
measured coating weight and thickness is demonstrated in Figure

Figure 11. The dependence of the measured coating weight (a) and
coating thickness (b) on the pH and deposition time. All coatings were
deposited at T ) 90 °C.

11 for coatings deposited at T ) 90 °C. Expectedly, the mass
gain increases as the deposition time is increased from 1 to 3 h
(Figure 11a). Deposition at pH0 ) 4.2 results in a higher mass
gain at any time compared to deposition at pH0 ) 6.0. This
means that either the former are thicker, or the latter are more
porous, in accordance with our XRD data (see Figure 2 and the
related discussion above). Figure 11b shows the values of
coating thickness, as measured microscopically (both by light
microscope and by SEM). It is evident that while the thickness
was increased from 8 to 11 µm as the deposition time was
increased from 1 to 3 h at pH0 ) 6.0, the thickness was increased
from 34 µm to as high as 95 µm when deposition was carried
out at pH0 ) 4.2. The shortcoming of thickness increase,
however, was decrease in the adhesion of the coating to the
substrate, as evaluated by either a tape peel-off test or a scratch
test. Division of the coating weight density by the coating
thickness reveals that coatings deposited at pH0 ) 4.2 are
actually more porous than coatings deposited at pH0 ) 6.0. This
difference may be explained based on the role of the hydrogen
evolution reaction, which becomes more significant in more
acidic plating baths. When these bubbles are large enough, they
are dislodged by buoyancy. In addition, residual stresses may
also develop in the coating. Consequently, the deposition of
HAp may be impeded, or weakly bonded crystals may be torn
from the deposit and be released into the solution. Coatings
deposited for 3 h at pH0 ) 4.2 were also very flaky. Therefore,
and because deposition for 2 h resulted in sufficiently thick
coatings, it was concluded that deposition for 2 h was optimal
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Figure 12. Corrosion measurements of uncoated and HAp-coated samples in Ringer’s SBF at pH ) 7.4 and T ) 37 °C. (a) OCP vs time curves
of uncoated Ti, Ti coated with HAp for 2 h at pH0 ) 6.0 and T ) 95 °C, and Ti coated with HAp for 3 h at pH0 ) 4.2 and T ) 90 °C. (b) Cyclic
potentiodynamic polarization curves for uncoated Ti (1), Ti coated with HAp for 2 h at pH0 ) 6.0 and T ) 85 °C (2), and Ti coated with HAp for
3 h at pH0 ) 4.2 and T ) 90 °C (3). The dotted arrows mark the forward and backward directions of the scan.

for this bath (while deposition for 3 h was desirable in order to
obtain thicker coatings at pH0 ) 6.0).
Corrosion measurements of both uncoated and coated
samples were carried out in Ringer’s SBF at pH ) 7.4 and
T ) 37 ( 0.1 °C. First, the OCP was monitored as a function
of time for 60 min, or until Ecorr was attained. Next, a cyclic
potentiodynamic polarization scan was run. Figure 12a shows
the typical OCP versus time curves of uncoated Ti, Ti coated
with HAp for 2 h at pH0 ) 6.0 and T ) 95 °C, and Ti coated
with HAp for 3 h at pH0 ) 4.2 and T ) 90 °C. The OCP
was found to be shifted considerably in the positive direction
due to the presence of the HAp coating on the surface,
indicating that the coating provided a more noble (better
corrosion resistant) surface. This shift was from -506 mV
vs SCE for the uncoated sample, to -158 and -129 mV vs
SCE for samples coated at pH0 ) 6.0 and pH0 ) 4.2,
respectively. The slightly less negative value for the coating
deposited at pH0 ) 4.2 compared to the coating deposited at
pH0 ) 6.0 could be attributed to the higher thickness of the
former. The high porosity of the coating deposited at pH0 )
4.2 did not degrade the OCP vs time behavior (except of
minor fluctuations in the potential values). Thus, it may be
concluded that the porous HAp coatings do not stimulate
underfilm corrosion within the measurement time frame.
The most useful procedure for testing susceptibility of small
implants, in their final form and finish, to localized corrosion
is described in ASTM F 2129. Following the guidelines of this
standard, cyclic potentiodynamic polarization curves are shown
in Figure 12b. In Figure 12b(1), a curve for uncoated Ti is

shown. The dotted arrows mark the forward and backward
directions of the scan. The corrosion potential (Ecorr) and
corrosion current density (icorr) were determined through Tafel
extrapolation as -297 mV vs SCE and 1.5 × 10-6 A cm-2,
respectively. No active-to-passive transition is evident (namely,
there is no primary passivation potential, Epp, with the corresponding critical current density, icc). Moreover, neither breakdown (critical pitting) potential (Eb) nor protection potential (Ep)
is evident, indicating that the material is covered with a
protective oxide layer. The absence of a hysteresis loop when
scanning backward is indicative of repassivation. Thus, it may
be concluded that the uncoated CP-Ti has good resistance
against localized corrosion (either pitting or crevice). This typical
corrosion behavior of Ti and its alloys in SBFs has commonly
been documented.43,44
A cyclic potentiodynamic polarization curve for Ti coated
with HAp for 2 h at pH0 ) 6.0 and T ) 85 °C is shown in
Figure 12b(2). Again, neither an active-to-passive transition
nor a hysteresis loop is evident. On the basis of Tafel
extrapolation, the values of Ecorr and icorr are -362 mV vs
SCE and 7 × 10-7 A cm-2, respectively. The lower value
of icorr compared to that for the uncoated sample should result
in a lower corrosion rate of the coated sample. Thus, in may
be concluded that although the HAp coating is porous and
the base metal is naturally passive, the coating does not have
a detrimental effect on the corrosion resistance. It should be
noted that, following the cyclic potentiodynamic polarization
tests, visual inspection was carried out. Neither physical
detachment of the coating from the substrate nor a change
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in the color of the solution was evident. A cyclic potentiodynamic polarization curve for Ti coated with HAp for 3 h
at pH0 ) 4.2 and T ) 90 °C is shown in Figure 12b(3). In
this case, instead of a good repassivation behavior, the
backward scan demonstrates a large hysteresis loop, with no
protection potential. In addition, no well-defined passivation
region is evident in the forward scan. Based on Tafel
extrapolation, the values of Ecorr and icorr are -381 mV vs
SCE and 5.9 × 10-6 A cm-2, respectively. Both the lowest
corrosion potential and the highest corrosion current density
indicate that the corrosion performance of this coated sample
is inferior compared to the former two samples. It is likely
that the very porous coating interrupted the oxide layer
growth and triggered localized (e.g., pitting) and/or underfilm
corrosion. Therefore, at least from corrosion resistance
standpoint, HAp coatings deposited at pH0 ) 6.0 are
preferable.

4. Conclusions
In this work, HAp was deposited electrochemically on CPTi from solutions containing Ca(NO3)2 and NH4H2PO4, at
either pH0 ) 6.0 or pH0 ) 4.2. The effects of bath
composition, pH, temperature and deposition time were
studied. The current density transients during deposition were
much different when the pH was 4.2 than when in was 6.0.
Coatings deposited at pH0 ) 4.2 were thicker, less crystallized and more porous than coatings deposited at pH0 ) 6.0,
and also revealed traces of OCP (and, possibly, of DCPA)
as well as a different surface morphology. The content of
OCP in coatings deposited at pH0 ) 4.2 was decreased as a
result of increasing the bath temperature. Texture (preferred
orientation) of HAp was observed, both at pH0 ) 4.2 and at
pH0 ) 6.0. The morphology of the crystals was either platelike (bar) or platelet. Similarity was observed, already on
the nanoscale, to the morphology of HAp crystals in mature
human dental enamel. The coating weight and thickness were
found to increase with increasing bath temperature. The
standard enthalpy of activation was ∼40 kJ mol-1, which
excludes bulk diffusion-controlled processes from being rate
determining. The samples coated with HAp at pH0 ) 6.0
exhibited a better corrosion resistance behavior, thus indicating the formation of a stable HAp/Ti interface. On the other
hand, the high porosity in the coatings deposited at pH0 )
4.2 had a detrimental effect on the corrosion behavior. The
addition of KCl to the bath resulted in the formation of Caenriched, thicker coatings, with a different surface morphology of needles. The addition of NaNO2 also resulted in
thicker coatings, but with a less pronounced preferred
orientation and a dendritic surface morphology. Speciationprecipitation calculations were made in order to better
understand the thermodynamic driving forces. The ability to
modify the chemistry and surface morphology of the coating
by fine control of bath composition, pH and temperature
makes electrochemical deposition a versatile process for
deposition of coatings on implants, with a tailored body
response.
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