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Abstract: A novel process for electrodeposition of hydroxyapatite coating on titanium substrate was developed.

The mechanism of the electrochemical reaction on the cathode was changed by adding H20:> into the electrolyte. The

evolution of H2 gas was erased. And owing to the fact that H>O2 posesses high tendency of being reduced, a fairly

high cathodic current can be gained at a more positive potential than — 1.0 V. During the electrodeposition, 6%

H20: is added, the temperature of deposition is fixed at 55 'C and pH of electrolyte is adjusted to 5.5. Dense and

homogeneous film is crystallized at high rate. The mechanism of crystallize process was discussed.
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1 INTRODUCTION

Various methods have been developed to de-
posit calcium phosphate, especially hydroxyapatite
(HAp) film on the orthopedic alloys, which makes
use of both the excellent biocompatibility of HAp
and high mechanical strength of alloy materr
als!"™ . =

used method, but the high operational temperature

Plasma spraying'* > is the most commonly
leads to decomposition and phase transformation of
HAp during the coating process. Additionally, the
adhesion of coating to the substrate is not reliable.
Another shortage is that the plasma spraying is a
line-in-sight process that becomes inefficient when
applied to substrate of complex shape. Beside, it is
an intensive energy process. The solgel process'®
is a long flow-sheet repeating process and also
faces the trouble of adhesion. A pre-treatment by
sintering can make things better, but it may
change the structure of deposit and substrate.
Electrophoretic method'”, though possessing high
adaptability to irregular shaped material, has to
apply high voltage to drive the suspended particle
onto metal surface. The anodic polarization may
cause the corrosion of metal and its adhesion is not
good.

On the other hand, the electrochemical meth-
od has attracted considerable attention since it is
superior to others in low operating temperature

and high adaptability for depositing on substrates

. 8710
of various shapes'* "

. Compared with the electro-
phoretic method, the substrate is cathodically po-
larized during deposition, and can obviously mini-
mize corrosion.

In this process, on the cathodically polarized
electrode H20 and/or H* is reduced according to

2H,0+ 2e= H.+ 20H" (1)

2H" + 2e= H» (2)

These reactions lead to the increase of local
pH at the close vicinity of cathode/ solution inter
face as a result of production of OH™ ions and con-
sumption of H ions. Once the supersaturation of
calcium phosphate exceeds the critical level, nuclei
forms on the substrate and grows into bioceramic
film'* .

But H2 gas generated on the surface of elec
trode inhibits the nucleation and growth of Hap
coating, which causes some problems''". Besides,
for the high stability of H2O and the large over
potential of electrochemical reaction, an applied
potential of about — 1. 6 V (vs SCE) is needed.
Ban et al'”” even applied a potential of — 2 V (vs
SCE) to the cathode.

It has been argued that the reduction of NO3

ions are partially used to it' "

NO; + H20+ 2e= NO3 + 20H"
®=0.01V (vs SHE)
[14]

But according to Yen's work!™, NO3 is
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indeed fairly stable on Ti cathode in the solution
with pH ranges of 2.2~ 7.0 and applied potential
of 074V (vs SCE).

Chen et al''' has tried to depress the evolution
of H2 gas by adding ethyl alcohol into the electro-
lyte. But it needs to add the organic substance
more than 50% of the electrolyte, which leads to
high solution resistance. Thus cell voltage up to
25V has to be applied.

It has been noticed that H202, hydrogen per-
oxide, is a strong oxidative reagent and can be
reduced on cathode, only produce OH™ ions as

H202+ 2e= 20H"™

®=0.95V (vs SHE)

It is expected that the shortcomings of tradi
tional process, such as H2 evolution and intensive
polarization, can be overcome by introducing H20:
into the electrolyte. It is also reported "' that
highly hydroxylated surface can be obtained by
treating titanium in H202 solution. The surface is
beneficial for nucleation of HAp owing to the fact
which provides crystal lattice matching, hydrogen
bonding interaction as well as stereo-chemical
matching between the OH™ groups chemically ab-
sorbed and HAp crystal.

Actually, by applying a modified solution in
which H20: is introduced, the H: evolution has
been erased and dense brushite coatings also suc
cessfully deposits on titanium substrate at a weaker
polarization potential of — 0. 8 V (vs SCE)'',
This paper gives a report on the electrodeposition
of HAp film by the new method.

2 EXPERIMENTAL

The electrolyte used is prepared by dissolving
CaH2PO4 * H20 and CaCly * 2H>0 in 200 mL dis-
tilled water. The total concentration of calcium
and phosphate are 0. 01 mol/ L. and 0. 006 mol/ L,
respectively. The concentration of H202 is 6%
(mass fraction). The pH value of electrolyte is ad-
justed to 5.5 by adding NaOH or HCI solution.
The anode electrode is a platinum coil. Rectangular
sample titanium of 10 mm X 10 mm is used as cath-
ode for deposition of HAp. The sample is metallo-
graphically polished using an emery paper of 200
grit and washed with distilled water before experi
ments. A microcomputercontrolled electrochemical
system( Solartron) is used to conduct experiments.

The coatings were characterized by X-ray dif-
fractometry. The morphology and thickness of
coatings were observed by scanning electron mi
Croscopy.

3 RESULTS AND DISCUSSION

3.1 Cathodic polarization

T he cathodic polarization results are shown in

Fig. 1.

FF\ . F//—l//
5 None
< 2f
&
2 -3
g
g -4r 6%H,0,
7]

._6 b

-2.0 -1.5 -1.0 -0.5 0

Potential (vs SCE)/V

Fig. 1 Cathodic polarization curves for
titanium electrode

For the solution without H20: addition, the
cathodic current keeps low. When the potential is
more than — 0. 6 V, no apparent current can be de-
tected. The limited current corresponding to po-
tential range of — 0.7~ 1.3 V can be attributed to
the diffusion mass transport limit of Oz dis-
solved™ . When potential exceeds — 1.3 V, the
current density begins to increase. At the mean-
time, bubble starts to evolve from the electrode
surface and becomes more vigorous with increasing
potential. This may be attributed to the H: gas
produced through the reduction of water through
Eqn.(1).

Since the coating deposition needs an intense
enough cathodic current to sustain the high pH in
the close vicinity of electrode and this can only be
obtained when the applied cathodic potential is
the traditional

process have to be operated at — 1. 6 V or even
[17]

more intensive than - 1. 3 V,

more negative

By contrast, for the solution with H202 addi-
tion, cathodic current begins to increase at — 0.2V
and reaches up to as several times as before by
adding H20; in the solution. It is valuable to no-
tice that no bubble evolves from electrode through-
out the whole scanning range when H202 is added.

Apparently, H20: in the electrolyte has great-
ly enhanced the electrochemical process at the elec
trode/ solution interface. For example, it can be
shown in Fig. 1 that a cathodic current of about 0. 8
mA/em® will flow through the electrode at — 1.6V
when using the traditional electrolyte. But the
same current can be obtained at the potential of
- 0.8V after adding H202 into the electrolyte.
A ccording to mentioned above, H202 appears to be
a hopeful additive for modifying the traditional
electrolyte.
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3.2 Electrochemical deposition
3.2.1 Effect of H202 addition and time

Fig. 2 shows the kinetic curves for the growth
of film at — 0.8 V in the solution with H20> addr
tion and at — 1.6 V in the solution without H20-,
respectively. The film grown in the modified elec
trolyte seems to be thicker than that from tradr
tional one. Within the same time of 500 s, the ra
pidity of film growing using the new method is as
two times as that of the old one. The lower rate
can be attributed to relatively lower driving force,
or lower super saturation in the close vicinity of the
electrode surface. Noticing the fact that the same
amount of OH™ ions are produced within the same
time interval since the cathodic current are almost
the same at the beginning of the 2 experiments, we
consider that evolving of H» gas from the electrode
evoke intense convection and depress the local pH
too. Another side effect of H2 gas is its occupying
the active surface sites and inhibiting the precipita-
tion of hydroxyapatite.
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Fig.2 Kinetic curves for growth of film

under different conditions

The deposition in the new electrolyte gradual-
ly slows down and makes the curve into parabolic
shaped. This implies that cathodic reaction is un-
der the control of diffusion through dense film
formed. On the contrary, it only bents slightly
when using a traditional electrolyte and shows al-
most a straight line. So the electrochemical reac
tion is still under kinetic control. The film depost
ted which should be loose and fair can not inhibit
the diffusion of ions through it. In fact, the film is
so weak that sometimes part of it exuviates when
washed the surface with distilled water.

This can be confirmed by comparing the cros-
section view in Fig. 3 for samples deposited from
two kinds of solutions. They are both suffered me-
chanical damage by SiC particles. But the images
obtained show that the coating by new method is
still adhered while that by traditional method
almost lost contact with substrate.

The top view of coatings by new method ex-
hibits a scaling-liked morphology which is densely
compacted by plate crystal. It seems that the plate
has grown into each other at the junction. But the
coatings from a traditional electrolyte is composed
of long zonal crystal which has grown from the in-
ner part of the film towards the outer.

The XRD spectrum reveals that the two coat-
But from Fig.3, the
peaks of HAp is much intensive, which shows that

ings are hydroxyapatite.

the coatings by new method are of relatively high
crystallinity. The interesting fact noteworthy is
that on the XRD spectrum of sample by new meth-
od, the peak of (0002) plane is superior to other
plane overwhelmingly. This demonstrates that the
highly oriented HAp nucleates on the (0001) plane
parallel to the substrate surface as reported by M ao
et al™ who deposited HAp coatings by a boimimic
method on titanium pretreated with H202. It is
plausible that this deposition process is similar to
that of Mao s, but is more quick. It can be shown
that the novel process can also provide a special
surface which is both thermadynamically and kinet-
ically benifical for the nucleation of HAp at the be-
ginning.
3.2.2 Effect of temperature

Attempt has been made to deposit HAp at am-
bient temperature of 25 C, but the substrate keeps
almost bare after the time of 2500 s at — 1.0 V.
The banish of titanium metal can still be seen by
naked eyes, though a little of crystal is scatted
symmetrically on the surface. The XRD results re-
veal that the product is brushite, without any
HAp. When temperature reaches 55 C, XRD
spectrum of HAp obviously appears at many dots
of diffraction angles, which reveals that dense
coatings of hydroxyapatite have been deposited.
The XRD results of sample prepared at the two
temperatures are shown in Fig. 4. This is in ac
cordance with that of Monma''" who had found
that increasing deposition temperature would cause
the coatings product changing from brushite to
monmite and eventually hydroxyapatite. It can be
seen that it benefits depositing HAp on Ti with in-
creasing temperature.
3.2.3 Effect of solution pH

The influence of pH on the morphology and
thickness of coatings are shown as Figs. 5 and 6,
respectively. In the whole, no change in crystal
morphology can be seen except that the size of
crystal obtained by electrolyte with high pH is big-
ger than that with relative lower pH.

T he film thickness is increased with pH value.
For example, 38 Hm coatings can be deposited at
pH 5.5, while this value is only 15 Hm at pH 4. 0.

It can be noticed that cathodic current of pH
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Fig. 3 SEM morphologies of top view ((a), (b)) and cross view ((c¢), (d)) and
XRD spectrum ((e), (f)) of samples deposited from 6% H202

modified solution at — 0.8V ((a), (c¢), (e)) and traditional solution at
- L6V ((b), (d), ()
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Fig. 4 Effect of temperature on crystal structure of coatings
(a) =25 C; (b) —55 C

4. 0 keeps higher through the whole deposition the deposition rate seems to be maintain low. It is
process than that of pH 5.5 (Fig.7). Although plausible that under this condition fairly part of
higher current or larger amount of produced OH™ OH™ ions has been neutralized by the bulk H”

ions per unit time, can be obtained at lower pH, ions. In the whole process this results in lower
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Fig. 5 Effect of pH on surface morphology of coatings
(a) —pH= 4.0; (b) —pH=4.5; (¢) —pH=5.0; (d) —pH= 5.5
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Fig. 6 Effect of solution pH on thickness of
coatings deposited

local pH as well as super saturation in the close
vicinity of electrode. And correspondingly this
leads to slower deposition rate and thinner film.
3.2.3 Effect of deposition potential

Fig. 8 shows the SEM images and XRD results
of electrode surface after cathodically polarized at
- 1.2 V. Compared with the results in Fig. 3 for
sample deposited at — 0. 8 V, it can be seen that
the potential strongly affect the deposition
process. When the potential changes from — 0. 8 to
- 1.2V, no crystal can be seen clearly under the
same magnification. Besides, crack which reveals
the existence of inner strain appears on the sur-
face. White deposits like cloud are dispersed here
and there. The growing rate also slows down for
the film's thickness in Fig. 8(b) is only 1/3 as that
shown in Fig. 3(¢). This is not surprising because
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Fig. 7 Effect of solution pH on

cathodic current density

under the intense cathodic polarizing condition, the
local pH and super saturation near electrode be-
comes so high that the precipitation rate will be-
come extremely fast. Then there is not enough
time for the ions to diffuse to a certain site to grow
into regular crystal. It could be expected that if the
driving force for crystallization is high enough,
homogeneous precipitation will take place before
the Ca® and PO3 ions can reach the electrode sur-
face by diffusion, which results in a lower film
growth rate.

The peaks on XRD spectrum sample can be
assigned to HAp and titanium, but they are wea
ker than that of at — 0.8 V. This informs that the

HAp coatings is of lower crystallinity.
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Fig. 8 SEM morphologies of top view(a) and
cross view (b) and XRD spectrum(c) of
sample deposited at — 1.6V
4 CONCLUSIONS
A novel process for electrodeposition of
hydroxyapatite coating on titanium substrate was
developed. Addition of H202 to the electrolyte
changes the mechanism of the electrochemical reac
tion on the cathode, and the evolution of H2 gas
that obsess deposition from traditional electrolyte
is erased. Besides, owing to the high intensity of
being reduced on electrode, a fairly high cathodic
current can be gained at potential of less than
- 1.0V. Dense and homogeneous film is crystal-
lized at high rate. At the same time, the mecha-
nism of crystallize process has been discussed.
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