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Hydroxyapatite (HA) coatings on titanium alloy substrates Ti6Al4V have been prepared in our
laboratory by electrodeposition and hydrothermal synthesis. In this paper, the morphology,
crystal size, porosity and Ca/P atomic ratio are investigated using scanning electron
microscopy (SEM), scanning transmission electron microscopy (STEM), Raman
microspectroscopy and X-ray energy dispersive spectroscopy (EDXS). The results obtained
show that after being hydrothermally treated and calcined at high temperature, the
electrodeposited brushite coating is converted into a stoichiometric hydroxyapatite having a
crystal size which changes considerably from the surface to the substrate alloy. In addition,
variation of the surface coating porosity as a function of the electrolyte temperature has also

been carried out.
© 2002 Kluwer Academic Publishers

1. Introduction

Most orthopedic materials in current use are generally
titanium and its alloys. In an attempt to enhance the
biocompatibility of these kinds of materials, they are
often coated with osteointegrating and/or osteoconduc-
tive biomaterials such as calcium phosphate ceramics.
Among these biomaterials, hydroxyapatite (HA) seems
to have been the most investigated biomaterial during the
last 12 years. Currently, the plasma spray technique is
extensively used by the implant industry to deposit
hydroxyapatite on metallic substrates. However, this
technique requires HA powders in pure form which may
be relatively expensive and involves high temperatures
leading to the formation of easily dissolved phases such
as amorphous HA [1,2].

Presently, a technique based on electrodeposition is
used for coating HA at relatively low temperatures
without use of any kind of HA powders [3,4]. The
process is, in general, composed of two steps: electro-
deposition of a calcium phosphate using electrolyte made
by mixing solutions containing calcium and phos-
phorous, and conversion of this coating to HA by
specific treatments. Therefore, it is very important to
study the effects of the -electrodeposition and/or
treatment parameters on the structure and the composi-
tion of the coating obtained.
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The aim of the present work is to analyze at a
micrometer scale, calcium phosphate coatings on
titanium alloys elaborated in our laboratory by electro-
deposition. The analysis is made by scanning
transmission electron microscopy (STEM) associated to
X-ray energy dispersive spectroscopy (EDXS). Such
techniques require a special specimen preparation which
is performed in our laboratory. Furthermore, scanning
electron microscopy (SEM) and Raman microspectro-
scopy were also used for morphology and phase
composition study of the calcium phosphate coatings.

2. Experimental procedures

2.1. Sample characteristics

The substrates were mechanically grounded Ti6Al4V
discs with a diameter of 10 mm and a thickness of 2 mm.
Brushite coatings on Ti6Al4V were prepared by
electrodeposition following the method described by
Shirkhanzadeh [5]. The electrolyte (Fig. 1) used was
made by mixing 0.042 M Ca(NOj3), - 4H,0 and 0.125M
NH,H,PO, solutions. The pH value of the electrolyte
was adjusted to 4 by adding nitric acid. The coating
process was carried out at 65 °C under N, atmosphere
and E. = —1.6 'V cathode potential (versus SCE refer-
ence electrode) for 60 min. Two graphite rods acting as
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Figure 1 Schematic view of the electrolyte used to prepare brushite
coatings.

counter electrodes were used, and the electrodeposition
was accomplished using a potentiostat/galvanostat
operating in potentiostatic mode by varying current
density.

The brushite coatings obtained were then hydro-
thermally treated at 125°C and pH=7 in an autoclave
(Fig. 2) for 4h and finally calcined at 425 °C for 6h to
convert into hydroxyapatite (HA) coatings.

2.2. Scanning electron microscopy (SEM)
The morphology of coatings was observed in secondary
electron mode using a field effect electron microscope
LEO; the primary beam energy was 3 keV with a primary
beam current close to 5 pA.

2.3. Raman microspectroscopy

Confocal Raman microspectroscopy has been applied on
the coating using a Labram microspectrometer (Dilor,
Jobin-Yvon, Horiba, France). This spectrometer is
equipped with a He/Ne laser delivering a power of
2mW at the sample, an illumination optical unit, which
permits a good illumination of the sample by the laser
light, an optical microscope (high stability BX 40
Olympus 100 x (NA 0.9) objective) was used, a
collection optical unit, which takes into account the
confocal hole. It is also composed of a dispersive system
composed of two gratings mounted on the same shaft
1800 grooves/mm (holographic) and 600 grooves/mm
(ruled and holographic) and a multichannel CCD
detector of 1024 x 256 pixels. The spectral resolution
depends on the slit size; for usual experimental
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Figure 2 Schematic representation of the apparatus for hydrothermal
treatment.
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conditions, the spectral resolution was about 6cm ~ !

and the spatial resolution was about 1 um.

Spectral treatment is sometimes necessary to reveal
vibrational or structural information. All the different
mathematical operations (baseline correction, subtrac-
tion, smoothing) were performed using the Labspec
software(Dilor, Jobin-Yvon, Horiba, France).

2.4. Scanning transmission electron
microscopy

For STEM observation, the specimens were embedded in
a resin. Thick sections were made perpendicular to the
TAG6V substrate using a low-speed diamond saw and
polished in order to achieve a plane surface. The alloy
substrate was carefully removed from the half-sections.
At this stage, the samples were only calcium phosphate
embedded in resin. Finally, ultrathin sections (~ 100 nm)
were cut with a diamond knife using an ultramicrotome
and collected on copper grids. The sections were coated
with a conductive layer of carbon in a sputter coater to
avoid charging effects. They were observed using a
scanning transmission microscope STEM (Philips
CM30) operating at a voltage of 100kV. X-ray analysis
was performed using energy dispersion X-ray spectro-
scopy EDXS. The detector was an Si(Li) diode equipped
with an ultrathin window. The quantitative analysis of X-
ray spectra was made using a quantification program
based on the Hall method [6] and performed in our
laboratory [7].

3. Results and discussion
3.1. Morphology and mineral species
evaluation

The SEM micrograph of Fig. 3 shows the morphology of

the electrodeposited coating. It consists mostly of

brushite (CaHPO, - 2H,0) composed of fine grains and

having a microporous structure. The dimensions of the

micropores present in the coating range from 1 to 2 pm.
After the hydrothermal treatment, the coating presents

thin needle-like crystals with the length having an

average value of 1pum (Fig. 4). The structure is
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Figure 3 Secondary electrons micrograph of the electrodeposited
coating (magnification 2000 x ).



Figure 4 Secondary electrons micrograph of the electrodeposited
coating after hydrothermal treatment: (a) magnification 10000 x (b)
magnification 30000 x (selected area of Fig. 4(a)).

microporous and the dimensions of the micropores are
the same as the brushite coating.

Fig. 5 represents the Raman spectra recorded on the
brushite coating before and after hydrothermal treatment.
It clearly shows that after hydrothermal treatment, the

coating spectrum presents a high background due to
fluorescence. This phenomenon has been observed
already when a plasma sprayed hydroxyapatite coating
was investigated by Raman spectroscopy [8].

Fig. 6 represents the same spectra after fluorescence
subtraction. The brushite spectrum is made of peaks at
434, 450, 592, 613, 720, 741, 960, 1008, 1050 and
1453 cm~ . The peaks at 434, 450, 592, 613, 960 and
1008 cm ~ ! are due to the PO;~ group vibrations. The
other peaks are due to CO%f group vibrations according
to Nakamoto [9]. The carbonate group vibration is
probably due to CaCO; groups that are incorporated in
the coating during the electrodeposition process by
precipitation.

After hydrothermal treatment, the spectrum exhibits
peaks corresponding to PO; ™ groups and a very weak
CO3~ band indicating that the carbonate quantity
decreases after hydrothermal treatment.

Fig. 7, represents the spectra obtained on the brushite
coating before and after hydrothermal treatment in the
same conditions as spectra of Fig. 5 but in the range of
3520-3620cm ~!. The peaks observed at 3568 cm !
before treatment and at 3572cm ™! after treatment
correspond to the vibration of the OH™ groups. The
shift between the two peaks is characteristic of lattice
reorganization during the treatment.

Such results imply that the coating obtained is
stoichiometric hydroxyapatite following. Han et al.
[10] when using X-ray diffractometry and infrared
spectroscopy for brushite coating characterization at
variable hydrothermal treatment parameters.

3.2. Structural and chemical analysis at
micrometer scale

STEM micrographs of the sections show a part of the
calcium phosphate coating (about 10 pm thick) in contact
with the resin (Fig. 8(a)). They clearly reveal a variation
of the crystal size in the coating. Indeed, in the vicinity of
the coating/resin interface, which corresponds to the
coating surface observed in SEM, the crystal size is about
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Figure 5 Raman spectra of the electrodeposited coating before and after hydrothermal treatment (10 accumulations of 50s at 6.cm ~ ! resolution).
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Figure 6 Raman spectra subtracted of background fluorescence of the electrodeposited coating before and after hydrothermal treatment (10
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Figure 7 Raman spectra of the electrodeposited coating showing OH ~
at 6cm ! resolution).

75nm in diameter (Fig. 8(b) and (d)). But near the
coating/TA6V substrate interface, the crystal size
increases and may reach 300 nm in diameter (Fig. 8(c)
and (e)). This crystal size variation is very interesting
since it is particularly desirable for better chemical
interaction with the biological environment [11].

On the other hand, Ca/P atomic concentration ratio
profile of the coating was obtained from X-ray intensity
measurements using energy dispersive X-ray spectro-
scopy (Fig. 9). The scan line of about 5 pm with 0.5 pm
step starts near the coating/TA6V substrate interface and
ends near the coating/resin interface (see dashed line on
Fig. 8(a)). The results show that the Ca/P ratio is
relatively constant along the profile; the mean value
within the coating is about 1.71 £ 0.04. This value seems
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vibration before and after hydrothermal treatment (10 accumulations of 50 s

to confirm the prediction deduced from Raman spectro-
scopic data which suppose that the converting coating
after hydrothermal treatment is a stoichiometric hydro-
Xyapatite.

3.3. Influence of the electrolyte temperature
on the surface coating porosity
In order to evaluate the influence of the electrolyte
temperature on the surface coating porosity, HA coatings
have been electrodeposited at two different electrolyte
temperatures of 40 and 65 °C. The SEM micrograph of
the coating at 40 °C is shown in Fig. 10(a). Comparison
with the SEM micrograph of the coating at 65 °C (Fig.
10(b)) shows that the HA coating at 40 °C temperature



Figure 8 Scanning transmission microscopy micrograph showing (a) global view of ultrathin section of the coating embedded in resin (magnification
10000 x ); (b) selected area (b) on Fig. 8(a), coating/resin interface (magnification 30000 x ); (c) selected area (c) on Fig. 8(a), coating/TA6V
substrate interface (magnification 30000 x ), (d) selected area (d) on Fig. 8(b), crystal of weak size near the coating/resin interface (magnification
70000 x ); (e) selected area (e) on Fig. 8(c), crystal of high size near the coating/TA6V substrate interface (magnification 70000 x ).
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Atomic concentration ratio Ca/P

Figure 9 Atomic concentration ratio Ca/P profile across the coating.

Figure 10 Secondary electron micrograph showing (a) the coating
electrodeposited with the electrolyte at 40°C; (b) the coating
electrodeposited with the electrolyte at 65 °C.

has a higher microporosity than the coating at 65 °C. This
indicates that the electrodeposited brushite coating
becomes more compact when increasing the electrolyte
temperature is increased. Similar results have been
observed by Han et al. [12] by varying the current
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density instead of the temperature. This suggests that HA
coating of gradient porosity may be realized by gradually
varying the electrolyte temperature.

4. Conclusion

In this study, a structural and chemical evaluation of
stoichiometric hydroxyapatite (HA) coating on TA6V
substrate obtained by electrodeposition is presented.
Based on special specimen preparation for STEM, this
characterization under at the micrometer scale, shows
that the HA coating presents a crystal size variation of
about 75-300 nm from the coating surface to the coating/
substrate interface, respectively. On the other hand, the
use of two different electrolyte temperatures (40 and
65 °C) during the electrodeposition allowed us to obtain
HA coatings with different microporosities. We believe
that the -electrodeposition process followed by a
structural and chemical analysis may provide an
effective means for fabricating bioactive calcium
phosphate coatings on TA6V substrate at low tempera-
tures. The main advantage of this technique is that the
electrodeposition parameters can be easily controled,
thus allowing the fabrication of calcium phosphate
coatings which may be expected to be more beneficial
to new bone growth during surgical implantation.
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