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Abstract

Abstract

Having both good mechanical properties and formability of the metal substrate
and excellent bioactivity and biocompatibility of hydroxyapatite bioceramic
coating, hydroxyapatite/surgical metal or alloy composite is therefore considered
as the best implant material for bone substitution. Currently, the plasma spray
technique is extensively used by the implant industry to produce hydroxyapatite
coatings. However, there are major problems associated with the method. Because
of the high temperature involved, this technique has the potential of the
decomposition and phase transformation of hydroxyapatite during the spray
coating process. At another hand, the plasma spray technique is a line-of -sight
process that produce a non-uniform coating when applied to porous surfaces or
complex substrates.

Hydroxyapatite coatings were prepared by electrochemical deposition method
in a warm condition, that is hydroxyapatite is electrocrystalized in the condition
close to human physiological environment, so the hydroxyapatite coatings are
much similar to the main inorganic component of human hard tissues in the
chemical composition and crystal structure and it's bioactivity and biocompatibility
is increased. In this thesis, the effect of electrodeposition experimental conditions
on the chemical constitutes and crystal structures of electrodepositiori products,
the electrodepositon mechanism of calcium phosphate ceramic coatings, and the
bioactivity and biocompatibility of electrodeposition hydroxyapatite coatings are
studied by various experiment methods. The major results and conclusions are

summarized as follows:




Abstract

1. Electrochemical Deposition and Characterization of
Calcium Phosphate Ceramics (CPCs)

In potentiostat or galvanostat mode, calcium phosphate bioceramic coatings are
fabricated by the electrodeposition technique from aqueous electrolytes containing
Ca- and P-bearing ions. Surface morphologies, chemical compositions and crystal
structures of electrodeposition coatings of CPCs are studied using various modern
analytical techniques, such as scanning electron microscopy (SEM), X-ray
diffraction (XRD), Raman Spectroscopy, fourier transform infrared (FTIR), and
inductive coupled plasma atomic emission spectroscopy(ICP/AES).

1.1 In general, the cathodic overpotential will increase with electrodeposition
time in galvanostat mode, and the current density will decrease during the
electrodeposition process in potentiostat mode. The weights of electrodeposition
coatings of CPCs are markedly dependent on the applied current density, cathodic
over}')otential, electrolyte temperature, deposition solution's concentration, and so
on. The pH value in the bulk of deposition solution will gradually decrease with
the electrodeposition process. |

1.2 Surface morphologies of electrodeposition coatings of CPCs have a
characterization of porous structure. The coating is composed of an interlocking
network of non-oriented crystals that are needle-like. The crystal structure is
changed into plate-like when a few additions are added in electrodeposition
solutions. While the current density or cathodic overpotential is small, uniform and
adherent coatings could be obtained. If the current density or cathodic potential is
too large, electrodeposition coatings are non-uniform, spiral-like in local area, and

even are divorced from the cathodic surface.
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1.3 The influence of experimental conditions on the chemical constitutes and
crystal structures of electrodepositon coatings of CPCs is investigated in the thesis.

The electrodeposition coating is basically composed of dicalcium phosphate

dihydrate (CaHPO, + 2H,0, DCPD) at cathodic potentials in the range -1.50 — -
2.30 V and at room temperature. In potentiostat mode and at 60°C, the coatings
consist of several calcium phosphates, and the content of hydroxyapatite will be
increased as the cathodic overpotential rises. The chemical component and crystal
structure of electrodeposition coatings of CPCs will change with the current
density at 60 °C : (I) when the current density (j) is smaller than 1 mA/cm2, the

electrodepositon coatings are composed of DCPD and octacalcium phosphate

( CagH,(PO,)s * SH,0, OCP); (ID) The electrodeposits are mainly tricalcium
phosphate hydrate (Ca;(PO,), * nH,0, TCP) at j=2 mA/cmZ; (III) the electro-
deposition  products will contain bioactive ceramic  hydroxyapatite
( Ca((PO,)s(OH),, HAp) when the applied current density is equal to 3 mA/cm? ;
(IV) while the current density larger than 5 mA/cm? is applied, the coating is
basically composed of HAp.

1.4  The experiments about Raman and FTIR spectroscopies show that

vibration absorptions of phosphate group PO, are usual in DCPD, but all four
absorptions of phosphate group PO, are Raman and IR active in OCP, TCP and
HAp.

1.5 According to thermodynamic theory, the electrodeposition coatings of
other calcium phosphates are treated in alkaline solution, and then could be
transformed to good crystals of pure hydroxyapatite. Using various modern

analytical methods, Studies of the electrodeposition hydroxyapatite coating give
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the result that its chemical composition and crystal structure, comparing to by the
plasma spray technique, is much similar to the main inorganic component of
human bone.
2. Mechanism of Electrodeposition Coatings of CPCs

2.1 In this work, a novel pH microsensor system is designed for in situ
measuring the pH change at the electrode/solution interface. The microsensor
IrO,/Pt, embedded into a round sample of Ti6AI4V surgical alloy as the substrate
for electrodepositon of calcium phosphate ceramic coatings, 1s used to monitor the
interfacial pH value for the first time during the electrodeposttion process of
calcium phosphate coatings. This system can ensure that the in-situ measurement
of the solid/solution interfacial pH value doesn't influence on the electrodeposition
process of CPCs.

2.2 By electrodeposition technique, the pH sensing material, iridium oxide

(Ir0,), is coated on platinum probe from the electrolyte containing iridium
chloride hydrate (IrCl; » H,0). The calibration experiments show that the sensing

material IrO, prepared by the electrodeposition technique responds well to pH

changes in the measured solution. The respond potential will decrease linearly with
increasing of pH over the entire range by a slope of 61 - 64 mV/pH unit at room
temperature and 69 - 73 mv/pH unit at 60°C.

2.3 Using the experiment apparatus made by ourselves, the pH value of the
cathode/solution interface is in-situ monitored during the electrodeposition process
at various current densities. The resuits indicate that the interfacial pH will
increase with the applied current density, first jump to a maximum, then slowly

decrease at the controlled current density during the electrodeposition process.
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The mechanism of electrochemical deposition of calcium phosphate coatings is
discussed according to the in-situ pH measurements and the chemical components
and crystal structures. of precipitates. The electrodeposition process includes
electrochemical reactions, acid-base reactions, and precipitation reactions. The
current density may determine the pH value at the cathode/solution interface, and
the precipitation reactions and the electrodeposition products on the substrate.

2.4 Electrodeposition coatings of calcium phosphate ceramics prepared in
various deposition times are studied by electrochemical impedance spectroscopy
(EIS). A two-layer mode of ceramic films can be used for simulating
electrodeposition coatings of CPCs fabricated in various deposition times. The
high quality of fitting are readily seen from the good match between the measured
and the simulated spectra.

2.5 The result from the spectra fitting to the circuit is used to discuss the
electrodeposition mechanism of calcium phosphate ceramic coatings. It is thought
that both the thickness of the electrodeposition coating and the density of the
electrodeposition inner coating are increased with the electrodeposition process.
At another hand, the electrodeposition coatings of CPCs precipitated in initial
period are relatively compact, and the density of CPC coatings will step-by-step
decrease with the electrodeposition time.

2.6 Atomic force spectroscopy (AFM) ié used to study surface imagines of the
electrodeposition coatings of CPCs produced in various deposition time. Two
crystal structures, trapezoid and cylinder, are found on the substrate. Two modes
for the crystal growth on the cathodic surface are inferred according to the crystal

AFM. One is a "dependent mode", in which the crystal growth doesn't influence
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each other during electrocrystalization process, and another one a "non-dependent
mode" which will result in the crystal coalescence and overlaping during the
crystal growth process. The crystal non-uniformity on the substrate indicates that
the electrocrystalization process is a progressive nucleation and growth
mechanism in which nuclei are being born continuously and growing with time.
3. Biocompatibility and Bioactivity of Hydroxyapatite
electrodeposition coatings

The biocompatibility and bioactivity of four materials, 18-8 stainless steel (SS),
hydroxyapatite-electrodeposited 18-8 stainless steel, hydroxyapatite-plasma
sprayed coating/Ti6Al4V composite, and hydroxyapatite-electrodeposited coating/
hydroxy-apatite-plasma sprayed coating/Ti6Al4V composite, is studied by in vitro
method. The morphologicai and number changes of cells show that 18-8 SS
presents obviously cytotoxicity, but no signs of cytotoxicity are apparent on the
surface of electrodeposition hydroxyapatite, and their surfaces are suitable for cell
growth and can promote cells to reproduce. After the electrochemical treatment of
hydroxyapatite-plasma  sprayed coating/Ti6Al4V  composite rhaterial, the
biocompatibility and bioactivity is improved. These results reveal that the
electrodeposition  hydroxyapatite coating has excellent bioactivity and
biocompatibility, and the electrodeposition technique is a novel potential method
in preparation of the bone substitute, hydroxyapatite/surgical metals or alloys

composite materials.
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