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Abstract: The corrosion behavior of four different prepa-
rations of plasma-sprayed hydroxyapatite (HA) coatings on
Ti6Al4V substrates in static Hank’s balanced salt solution
was investigated using dc potentiodynamic and ac imped-
ance techniques. Two different nominal thicknesses, 50 �m
and 200 �m, and two different spraying conditions, were
considered. The electrochemical impedance experiments
proved this technique to be very suitable for the investiga-
tion of the electrochemical behavior of surgical implant al-
loys when they are coated with HA, which is characterized
by the dissolution and passivation characteristics of the un-
derlying metal substrate. Because the coatings are porous,
ionic paths between the electrolytic medium and the base
material can eventually be produced, resulting in the corro-

sion of the coated metal. Differences in the corrosion resis-
tance of the coated materials were detected, and a relevant
model for the description of the coating degradation in the
biosimulating solution was proposed. The model consisted
of the description of the coated system in terms of a two-
layer model of the surface film. Significant differences in
electrochemical behavior for similar nominal thicknesses of
HA coatings obtained under different spraying conditions
were found. © 2004 Wiley Periodicals, Inc. J Biomed Mater
Res 70A: 59–65, 2004
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INTRODUCTION

Plasma-sprayed coated metals have become the
most widely used material combination for dental and
orthopedic implants.1,2 In particular, enhanced bio-
compatibility of titanium-based materials has been
achieved by coating them with ceramic materials such
as hydroxyapatite (HA).3–11 This compound has the
same structure as the major mineral constituent of
human hard tissues and forms a very strong bond to
the tissue.12–14

A problem with plasma spraying coatings on a me-
tallic substrate such as Ti6Al4V is that pores and pin-
holes are produced. In this way, certain (microscopic)
areas of the metal substrate are directly exposed to the

aggressive electrolytic environment, whereas others
are isolated from it by the ceramic coating. In this way,
it must be expected that the overall performance of the
HA-coated biomaterial is strongly dependent on the
porosity, the crystallinity, and the thickness of the
coating. In fact, the corrosion resistance of the bioma-
terial is greatly affected by the presence of the ceramic
coating, both depending on the passivation ability of
the metallic substrate and the porosity of the coat-
ing.15–21

In a recent publication from our group,22 it was
shown that the electrochemical impedance spectra
(EIS) measured for HA-coated and uncoated Ti6Al4V
samples were similar in shape despite the obvious
major differences existing in the physical characteris-
tics of both systems. That is, HA-coated specimens are
highly porous and they can only provide a small
increase in the corrosion resistance of the system
through the partial blockage of the pores in the coating
due to the precipitation of salts. Therefore, the electro-
chemical behavior of the system was mainly charac-
terized by the dissolution and passivation character-
istics of the underlying metallic substrate. However,
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passivity in Ti-based prostheses materials is due to the
oxide films formed over the surface which reform very
rapidly if removed or mechanically damaged. These
films are fairly unreactive, although transient micro-
scopic breakdown of the passive state induced by the
presence of chloride ions in the environment has been
recently observed in vitro.23–25 Furthermore, tempera-
ture strongly affects the stability of the passive films in
simulated physiological solutions, because frequency
for passive film breakdown increases at higher oper-
ating temperatures.26

In this work, the corrosion resistance of HA-coated
Ti6Al4V specimens was characterized by dc potentio-
dynamic and EIS techniques while immersed in
Hank’s balanced salt solution (HBSS). EIS is widely
used in corrosion research because it provides a large
amount of information without significantly altering
the system under investigation. Using EIS, and with
an appropriate physical model of the electrochemical
processes occurring in the system, information about
the performance of HA-coated Ti6Al4V can be ob-
tained.22 Because the conditions of the metal substrate
were not varied in this study, differences in the coat-
ing structure and dissolution rate for the coated ma-
terial could be directly correlated to variations in the
thickness and the crystallinity of the plasma-sprayed
coatings.

MATERIALS AND METHODS

The electrochemical behavior of Ti6Al4V substrates
(matching the ASTM F136-84), coated with HA by plasma
spraying, was investigated in HBSS. The tests were per-
formed at room temperature (20° � 2°C). All samples were
supplied by Plasma Biotal Company (Tideswell, UK). HA
coatings were produced through two different processing
conditions commerciallized under the names CAPTAL60
and BIOTAL30. Two different thicknesses of HA, namely
50 � 20 �m and 200 � 30 �m, corresponding to a thin and
a thick coating, respectively, were studied. Before coating,
samples (180 � 30 � 6 mm, beam shaped) were annealed at
750°C for 2 h, air cooled, blasted with alumina grit, and
passivated in nitric acid (30% v/v, 60°C, 60 min). An � � �
microstructure was produced, which presents a yield
strength of 865 MPa and 16% elongation at fracture.

The electrochemical behavior of the specimens was based
on linear potentiodynamic and EIS measurements per-
formed with an EG&G 283A potentiostat-galvanostat con-
trolled from a computer. The experimental set-up consisted
of a three-electrode cell, in which test specimens were placed
in a flat-cell configuration exposing a surface area of 1 cm2.
A saturated calomel electrode (sce) was used as reference
electrode and a platinum gauze served as counter electrode.
Before the beginning of the polarization or EIS procedures,
the samples were kept in the solution for 55 min in order to
establish the free open-circuit potential (Ecor). Potentiody-
namic polarization curves were obtained with a scan rate of

1 mV/s from Ecor. The measurement of the EIS spectra was
performed at selected potential values with a new sample.
The spectra were recorded in the 5 mHz–55 kHz frequency
range, by introducing an EG&G 5210 two-phase lock-in
analyzer. The sinusoidal alternating potential signal had an
amplitude of �10 mV. A data density of six frequency points
per decade was used. The software used to acquire and
analyze the data allowed the representation of the data in
both Bode (amplitude and phase angle diagrams) and
Nyquist (complex impedance) plots. Data analysis was per-
formed using a nonlinear least squares fit method to obtain
the equivalent electrical model for the different substrate–
electrolyte interfaces considered.27

For the structural analysis of the coated samples, X-ray
diffraction (XRD) studies were performed with a Siemens
D-5000 Kristalloflex X-ray diffractometer. Also DOS-DIFF-
RAC-AT� interactive graphics software and databases for
peak search were used. The 2� angles were scanned from 5
to 80°. Coating crystallinity (percentage) was estimated us-
ing five different parameters: full-width half medium, inte-
gral width, and peak heights of the three main peaks [100%
Int (211), 60% Int (112), and 60% Int. (300)]. These five
parameters were used to compute crystallinity according to
a procedure previously described.19 The calculation was
based on comparing the values of five different parameters
obtained for the coatings with predetermined figures for
several mixtures of a 100% crystalline HA powder with a
100% amorphous powder, using 10% steps. The parameters
estimated from the XRD patterns were: full-width half me-
dium, integral width, and peak heights of the three main
peaks [100% Int (2 1 1), 60% Int (1 1 2), and 60% Int (3 0 0)].
Five linear correlations were attained and the final coating
crystallinity value was then taken as the average of the
calculated values, for each one of the correlations.

RESULTS AND DISCUSSION

Figure 1 presents XRD patterns for the four samples
under investigation. It may be seen that all powder
peaks match perfectly the JCPDS 9-0432 standard file

Figure 1. XRD spectra for samples: (A) CAPTAL60, 50-�m
thickness; (B) CAPTAL60, 200-�m thickness; (C) BIOTAL30,
50-�m thickness; and (D) BIOTAL30, 200-�m thickness.
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for HA. From the XRD spectra, the corresponding
crystallinities of the HA coatings were determined,
and are listed in Table I.

The anodic polarization curves of the HA-coated
samples were recorded starting the scan at �1.0 V and
are depicted in Figure 2. After an initial range of
cathodic depassivation, the open circuit is reached for
the samples. The characteristic active–passive transi-
tion range typically observed during the passivation
of titanium and its alloys is only clearly displayed in
the case of the specimen coated with the CAPTAL60
coating with a thickness of 50 �m [see dotted line in
Fig. 2(a)], and occurred with passive currents in the
order of a few microamperes. Conversely, the speci-
men with a thicker coating [namely, CAPTAL60,
200-�m thickness, solid line in Fig. 2(a)], and those
resulting from the BIOTAL30 coating procedure [both
plots in Fig. 2(b)], do not exhibit such transition but
rather exhibit the passive regime at all potentials pos-
itive to the open circuit potential. Probably, this fact
indicates that those specimens are passive from the
beginning of the potential excursion in the positive
direction. No deterioration of the passive state of the
surface is observed for positive polarizations up to 4.0
V in HBSS at ambient temperature. It should also be
noted that both the passive currents and the open
circuit potentials exhibited by the samples are within
the same order of magnitude in all the cases, and
indeed are similar to those determined from the bare
specimens (not shown in the figure), thus supporting
that the passive regime must be ascribed to the tita-
nium oxide film developed on the metal substrate. The
similar trends found for the various specimens do not
allow distinction of any differences in corrosion resis-
tance among the specimens under consideration on
the basis of the data obtained with conventional dc
electrochemical techniques.

The impedance spectra of the various specimens
immersed in HBSS were measured at four different
potentials values, namely, �0.5, �0.1, �0.1, and �0.5
V versus Ag/AgCl, and are shown in Figures 3–6 as
Bode amplitude and phase angle plots. No capactive
behavior was observed in the high-frequency limit of
the impedance spectra. Two time constants were ob-
served at all applied potential values, although they
were less noticeable in the case of the coatings ob-

tained with a thickness of 200 �m by the BIOTAL30
procedure, as it can be deduced from the direct com-
parison of the spectra in Figure 6 with those in Figures
3–5. In the case of this coating, it was observed that the
two time constants greatly overlapped in the fre-
quency range of a few tenths of hertz, and could
only be separated in the spectra recorded at �0.5
and �0.1 V.

The existence of two time constants in the imped-
ance spectra is an indication that they can be divided
into two distinct frequency regions. The time constant
in the high-frequency part arises from the uncompen-
sated ohmic resistance due to the electrolytic solution
and the impedance characteristics resulting from the
penetration of the electrolyte through a porous film.
However, the low-frequency part accounts for the pro-
cesses taking place at the substrate/electrolyte inter-
face. Such a behavior is typical of a metallic material
coated with a porous nonreactive film.28,29

The electrochemical response to impedance tests for
the HA-coated materials was satisfactorily simulated
with the equivalent circuit detailed in Figure 7. This
scheme represents the electrochemical behavior of a
metal covered with an unsealed porous film.30 The

Figure 2. Potentiodynamic polarization curves for sam-
ples: (A) CAPTAL60; and (B) BIOTAL30, after immersion in
HBSS. Thickness of the HA coating: (dotted line) 50 �m, and
(solid line) 200 �m, respectively.

TABLE I
Crystallinity Values Determined From XRD Spectra for

the Samples Under Investigation

Sample
Reference Sample Characteristics

Crystallinity
%

A CAPTAL60, 50-�m thickness 52.2
B CAPTAL60, 200-�m thickness 54.9
C BIOTAL30, 50-�m thickness 49.1
D BIOTAL30, 200-�m thickness 51.5
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equivalent circuit consists of the following elements: a
solution resistance Re of the test electrolyte, electrical
leads, etc., the capacitance Cp of the intact (non-defec-
tive) coating layer, the charge transfer resistance Rp
associated with the penetration of the electrolyte
through the pores or pinholes existing in the coating,
which results in the underlying metal substrate get-
ting in direct contact with the electrolyte, and the
polarization resistance of the substrate Rb as well as
the electrical double-layer capacitance at the sub-
strate/electrolyte interface Cb. The capacitances were
represented by a general diffusion-related element Q
which is defined as a constant phase element, which
accounts for deviations from ideal dielectric behavior
related to surface inhomogeneities31 or current leak-
age in the interface. This element is written in its
admittance form as:

Y*	
� � Y0	j
�n

where Y0 is the adjustable parameter used in the non-
linear least squares fitting, and n is defined as the
phenomenological coefficient which can be obtained
from the slope of the impedance amplitude �Z� on the

Bode plot.32 Pure capacitance behavior is represented
by n � 1.0.

The fit of the impedance spectra in terms of the
equivalent circuit enabled the parameter values for the
individual elements to be determined with a least
squares analysis, which are listed in Table II.

The important factor from a corrosion perspective is
the charge transfer resistance Rb which controls the
rate of electrochemical processes at the metal/electro-
lyte interface. All the specimens exhibit similar values
for Rb from the EIS spectra measured at �0.5 V, a
potential negative to the corresponding open circuit
potential for the samples in the solution. This is an
indication of the existence of electrochemical pro-
cesses at the metal/electrolyte interface, namely the
localized depassivation of the metallic material. On
the contrary, very high values are determined for sam-
ples B (CAPTAL60, 200-�m thickness) and C (BIO-
TAL30, 50-�m thickness) at all the potential values
positive to the open circuit potential. That is, these
samples are passive in the HBSS medium and show a
very high corrosion resistance when coated with HA.
This situation does not apply to samples A and D,
which exhibit values for Rb very close to those deter-

Figure 4. Bode plots for EIS spectra of an HA-coated
Ti6Al4V specimen B (CAPTAL60, 200-�m thickness), im-
mersed in HBSS. Applied potential values are indicated in
the figure. (a) Amplitude and (b) phase angle diagrams.

Figure 3. Bode plots for EIS spectra of an HA-coated
Ti6Al4V specimen A (CAPTAL60, 50-�m thickness), im-
mersed in HBSS. Applied potential values are indicated in
the figure. (a) Amplitude and (b) phase angle diagrams.
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mined at �0.5 V for all the samples. This is an indi-
cation that the system is active at the metal/electrolyte
interface, and the metal substrate may undergo elect-
rodissolution in the medium. That is, corrosion may
occur at pores as the result of the metal being directly
exposed to the aggressive attack of the electrolyte.
Enhanced corrosion resistance is only achieved by the
coating acting as a barrier for the diffusion of the
aggressive species to the substrate surface. Pores in the
coating may act as paths for the electrolyte attack to
the metal beneath, and coating procedures should be
further optimized to improve the packing of the coat-
ings.This effect may be ascribed to a too-thin coating
film in the case of sample A, resulting from pores in
the HA coating that allow for the direct access of the
electrolyte to the underlying metal substrate. How-
ever, the results for sample D seem at first quite anom-
alous, as they correspond to a thicker coating. In this
case, we can see that no enhancement of passivity has
been achieved through the coating process. On the
basis of the information curently available, a satisfac-
tory explanation cannot be given for such behavior,
although we tentatively consider that the thick film

obtained through the BIOTAL30 method may not be
packed enough to avoid the establishment of ionic
pathways through the coating. That is, the operating
conditions used for the plasma-spraying process may
be responsible for significant variations in the electro-
chemical behavior of the coated samples. From our
current results, it can be concluded that CAPTAL60
samples exhibit a higher corrosion resistance than

Figure 5. Bode plots for EIS spectra of an HA-coated
Ti6Al4V specimen C (BIOTAL30, 50-�m thickness), im-
mersed in HBSS. Applied potential values are indicated in
the figure. (a) Amplitude and (b) phase angle diagrams.

Figure 6. Bode plots for EIS spectra of an HA-coated
Ti6Al4V specimen D (BIOTAL30, 200-�m thickness), im-
mersed in HBSS. Applied potential values are indicated in
the figure. (a) Amplitude and (b) phase angle diagrams.

Figure 7. Equivalent circuit corresponding to a two-layer
model of an unsealed porous surface film.28
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those obtained with the BIOTAL30 procedure, an ef-
fect more evident the thicker the coatings are.

It should also be noted that all the specimens exhibit
similar values for the remaining impedance parame-
ters, and the n values are always significantly smaller
than 1.0, an additional indication of the high porosities
existing in the samples.

Finally, these results have provided some clues re-
garding the electrochemical behavior of HA coatings
on metallic materials upon immersion in a biosimu-
lating solution. EIS results give the experimental evi-
dence that the coatings considered are not very highly
packed and may present pores or defects, thus the
electrolyte advancing toward the substrate should re-
sult in the system eventually becoming less corrosion-
resistant upon immersion in the aqueous solution.

CONCLUSIONS

1. The electrochemical impedance experiments
proved to be a good test for studying the resis-
tance and compactness of the HA coatings de-
posited on Ti6Al4V during exposure in a bio-
simulating solution. Although conventional
polarization measurements did not allow for dif-
ferences in the corrosion resistance of the various
coated systems to be observed, the impedance
data showed significant differences that could be
related to variations in crystallinity, porosity, and
thickness of the coatings.

2. Because the coatings are very porous, direct
paths between the corrosive environment and the
base material can eventually be formed. In this
way, oxidative dissolution of the substrate in the
pores will result in higher anodic current densi-
ties in the pores that match the cathodic reduc-
tion of oxygen over the whole surface, thus re-

sulting in lower corrosion resistances for the
sample. The thin coating developed with the
CAPTAL60 procedure (sample A) and both coat-
ings obtained with the BIOTAL30 procedure
(samples C and D) are typical of this situation.

3. In general, the HA-coated samples showed ini-
tially very high corrosion resistance values,
which were characterized by Rb values 108 �
cm2 in the passive range of the materials, which
were determined for the thicker coatings pro-
duced with CAPTAL60 procedure (i.e. sample B),
and also for the thinner one by the BIOTAL30
procedure (i.e., sample C). Because this effect
may strongly depend on the operating tempera-
ture, an investigation on the effect of temperature
on HA-coated Ti6Al4V specimens is being
planned.

4. EIS spectra measured at �0.5 V for all the sam-
ples under consideration indicate the occurrence
of electrochemical processes at the metal/electro-
lyte interface, which are characteristic of local-
ized depassivation of the metal. This effect is
responsible for the low Rb values determined for
all the samples, typically in the range of 103 �
cm2.

5. The differences in electrochemical behavior
found between the HA-coated samples produced
by the CAPTAL 60 and the BIOTAL 30 proce-
dures cannot be directly related to variations in
the crystallinity of the HA coatings, but rather to
variations in the packing and the porosity of the
obtained films. This can be taken as an indication
that variations in the spraying conditions used
for the obtention of HA coatings with nominally
equal thicknesses may have produced significant
differences in the corrosion characteristics of the
composite system. This proposal requires confir-
mation and is the basis for future investigations
by our groups.

6. Over the frequency range used, the equivalent
circuit used for the description of the coated sam-

TABLE II
Values of Impedance Parameters Determined From the Analysis of the Impedance Spectra Depicted
in Figures 3–6 in Terms of the Two-Layer Model of an Unsealed Porous Surface Film28 Described

by the Equivalent Circuit Depicted in Figure 7

Sample
Reference Potential (V) Qp (F cm�2) n (Qp) Rp (
 cm2) Qb (F cm�2) n (Qc) Rb (
 cm2)

A �0.5 1.22 � 10�4 0.80 7.18 � 103 6.16 � 10�4 0.72 1.91 � 104

A �0.1 5.91 � 10�5 0.85 7.17 � 103 3.39 � 10�4 0.79 7.91 � 104

A �0.1 8.39 � 10�5 0.83 8.06 � 103 4.91 � 10�4 0.84 5.30 � 104

A �0.5 8.54 � 10�5 0.80 9.42 � 103 5.52 � 10�4 0.91 4.22 � 104

B �0.5 1.14 � 10�4 0.73 6.88 � 103 4.71 � 10�4 0.76 1.67 � 104

B �0.1 7.76 � 10�5 0.76 8.25 � 103 2.85 � 10�4 0.84 108

B �0.1 8.26 � 10�5 0.77 8.74 � 103 2.93 � 10�4 0.86 108

B �0.5 9.06 � 10�5 0.76 8.90 � 103 3.02 � 10�4 0.86 108

C �0.5 8.07 � 10�5 0.82 2.86 � 103 1.17 � 10�4 0.50 2.79 � 104

C �0.1 6.07 � 10�5 0.81 1.21 � 104 2.11 � 10�4 0.76 108

C �0.1 7.81 � 10�5 0.78 1.50 � 104 2.86 � 10�4 0.84 108

C �0.5 7.38 � 10�5 0.81 1.29 � 104 2.04 � 10�4 0.68 108

D �0.5 1.20 � 10�4 0.80 3.66 � 103 1.09 � 10�3 0.76 5.69 � 103

D �0.1 9.62 � 10�5 0.82 3.20 � 103 4.46 � 10�4 0.64 6.17 � 103

D �0.1 9.59 � 10�5 0.83 3.09 � 103 3.81 � 10�4 0.56 3.07 � 103

D �0.5 1.04 � 10�4 0.80 3.66 � 103 1.09 � 10�3 0.48 5.69 � 103
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ples provides the best fitting of the experimental
data. The values obtained for the charge transfer
resistance provide a quantitative basis for corro-
sion of substrates covered by a ceramic film. Be-
low 1 � 106 � cm2, corrosion was observed.

7. Finally, the anomalous behavior observed for the
BIOTAL30 samples with a 200-�m thickness,
namely, a very low corrosion resistance in HBSS
compared with the thinner coating, could be
temptatively ascribed to a less effective packing
of the HA coating in the case of the thicker de-
posit.
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