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Abstract

Graded Tig9_/HAP, (x=0 — 100%) films were prepared on Ti—-6Al-4V implants by chemical solution deposition using a tita-
nium-isopropoxide chelated by acetylacetone, calcium nitrate and phosphoric acid as starting materials. Ti/HAP solutions with
variable HAP contents from 0 to 100% at 10% intervals were spin coated on the substrates and prefired at 500 °C. X-ray diffrac-
tion and field emission-scanning electron microscope analysis showed that Ti/HAP coatings were obtained with a dense interface
between coating and substrate by final annealing at 500 °C and higher. The effectiveness of the functionally graded HAP/Ti coat-
ings was discussed based on the analysis of the variation of Ca and P contents in simulated body fluid as a function of annealing

temperature. © 2002 Elsevier Science Ltd and Techna S.r.l. All rights reserved.
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1. Introduction

The bioceramic hydroxyapatite [Ca;o(PO4)s(OH),,
HAP] has attracted widespread interest because of its
orthopaedic and tissue bioactivity properties [1,2]. On
implantation, HAP can bind tightly to the surrounding
bone tissue, because its chemical and crystallographic
structures are very similar to those of human bone [3].
However, mechanical limitations prevent implants made
from HAP alone. As a result, nearly all bone and tooth
implants are presently made from metal alloys, which
have a higher durability and strength than bulk HAP.

Among metallic implants, the Ti—6Al-4V alloy is
widely used to manufacture implants because of its
excellent mechanical properties with a tensile strength of
860 MPa and yield strength of 795 MPa, and its low
specific gravity of 4.5 g/cm® [4]. However, Ti-based
alloys may not be the best from a biological point of
view since they may somewhat corrode when implanted.
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If HAP is applied as coating on Ti-based alloys, its
advantages can be properly exploited. The concept of
coating metal implant surfaces with HAP combines the
mechanical benefits of metal alloys with the bio-
compatibility of HAP [5,6]. For this reason, HAP is
used as a suitable coating material to achieve strong
early fixation of uncemented prostheses.

Various coating techniques such as plasma spraying,
electrochemical deposition and chemical solution deposi-
tion (CSD) are presently under development to achieve
suitable properties for biomedical applications [7-10].
Commercial, HAP coatings, which are commonly pro-
duced by plasma spraying, have been shown to exhibit
clinical problems such as delamination, leading to pre-
mature wear and loosening of implants [11]. Although, to
improve adhesion between coatings and implants, new
synthetic approaches are currently being developed, there
has been little information on the increase of bonding
strength.

In order to solve this problem, we studied composi-
tionally graded HAP structures. The present work is
focused on the application by CSD of a functionally
graded Ti/HAP intermediate layer as a bond coat for
HAP.
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2. Experimental procedure

HAP sols were used as precursors, derived from cal-
cium nitrate [Ca(NOj3),-4H>O] and phosphoric acid
(H5PO,) dissolved in ethylene glycol monomethyl ether
(CH50OCH,CH,>0OH). The molar ratio of Ca:P in the sol
was set to 1.67:1. Since the titanium alkoxide used in
this study is very unstable in air, to prepare a chelated
Ti sol, acetylacetone (2.4-pentanedione) and water were
mixed into titanium (IV) isopropoxide {Ti[OCH
(CHj3),]4} dissolved in isopropanol. Ti/HAP coating
solutions with variable HAP concentrations between 0
and 100% at 10% intervals were fabricated by mixing
HAP sol and chelated Ti sol. This mixed solution was
diluted with isopropanol and ethylene glycol mono-
methyl ether to achieve an appropriate viscosity for
deposition of smooth films by spin coating (viscosity: 3
cps). Fig. 1 shows the experimental procedure.

Ti-6Al-4V was selected as a substrate. This substrate
was ultrasonically cleaned in H,O,, mirror polished
with an autopolisher, and finally rinsed in ethanol.

The starting solution (100% Ti-0% HAP) was initi-
ally spin coated onto Ti-6Al-4V substrates (2 cm?® x
0.2% at 3500 rpm for 5 s and as-coated films were dried
at 150 °C for 15 min. The dried films were pyrolyzed at
500 °C for 5 min in order to burn out organics. To pre-
pare functionally graded Tijgo_/HAP, coatings, spin
coating and pyrolysis were orderly repeated with
decreasing Ti and increasing HAP contents at 10%
intervals. Finally, the prefired films were annealed at
500, 600, 700 and 800 °C for 30 min in argon.

The crystalline structure and graded composition of
annealed films were evaluated by X-ray diffraction ana-
lysis (XRD) (D-Max-1200, Rigaku Co.) utilizing CuKo

Ca nitrate Ti-isopropoxide
+ +
Phosphoric Acetylacetone
acid |
+ Chelation
CH,OCH,CH,0H |
C,H,OH + H,0
| |
Mixing
Ti/HAP sol

Fig. 1. Schematic diagram of the process to prepare Ti/HAP films.

radiation. The surface morphology and composition of
cross-sections of films were evaluated by field emission-
scanning electron microscopy (FE-SEM) (S-4700, Hita-
chi Co.) in conjunction with an energy dispersive X-ray
spectrometry (EDX) using a Robinson-type back-
scattered electron detector.

The in vitro formation of HAP in annealed films was
evaluated by immersing the films in a simulated body
fluid (SBF). The SBF was prepared by dissolving NaCl,
NaHCO3, KC], KzHPO4'3H20, MgC126H20, CaC12
and Na,SO, in deionized distilled water. To this solu-
tion, 50 mM Tris—(hydroxymethyl) aminomethane
[(CH,OH);CNH,] and 45 mM hydrochloric acid
(HCI) were used as buffering agents to maintain the pH
of SBF at 7.25 at 36.5 °C [12]. The reagent grade che-
micals used and their concentrations for the preparation
of SBF are shown in Table 1. Five samples per anneal-
ing temperature were immersed in 20 ml of SBF for 14
days. The experiments were performed in a constant
temperature-circulating bath (Model 90, Poly Science
Co.) at a temperature of 36.5 °C. After soaking, the
samples were removed from the SBF, carefully rinsed
with distilled water, and dried at room temperature.

The variation of the crystallinity of the incubated
samples was investigated by XRD. Since it is difficult to
separate HAP newly formed biomimetically after incu-
bation from the annecaled HAP film, we investigated the
change of ion concentration of the SBF as a function of
the incubation time by Inductively Coupled Plasma-
atomic emission spectrometry (ICP) (JY38 plus, Jobin
Yvon Co.).

3. Results and discussion

Fig. 2 shows the film morphology (a) and the EDX
results (b) across a Ti/HAP coating on a Ti—6Al-4V
implant. The Ti content decreased gradually with
increasing distance from the substrate. Conversely, the
Ca and P contents increased with increasing distance
from the substrate; the more distant from the substrate
the lower the Ca and P contents. This means that films
were successfully formed with functional gradation. The

Table 1
Reagents for preparing the SBF

Adding order Reagent Amount g/l H,O
1 (CH,OH);CNH, 6.005
2 NacCl 7.995
3 NaHCO; 0.353
4 KCl 0.224
5 K,>HPO;3H,0 0.228
6 MgCl,6H,0 0.305
7 CaCl»2H,0 0.368
8 Na,SOy4 0.071
9 2mol/l HCI1 20 ml
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Fig. 2. Cross-sectional variation of compositions of Ti/HAP films
annealed at 500 °C.

cross-sectional surface of the film was dense and a clear
interface boundary between the film and the substrate
could not be recognized. This suggests that the bond
between the film and the substrate is sufficiently strong.
Further, it is noted that grain growth of HAP may be
suppressed by Ti, resulting in small grain size in the
lower part of the coating. However, in the upper part,
grain growth of HAP was observed, probably due to
sufficient supply of Ca and P.

Fig. 3 shows the surface morphologies of Ti/HAP
coatings annealed at 500 (a) and 800 °C (b), respec-
tively. The surface of the film annealed at 500 °C was

1
1.60um

Fig. 3. Surface morphologies of Ti/HAP films annealed at (a) 500 and
(b) 800 °C.

porous with plate-like grains thoughout the film, as
shown in Fig. 3(a). The film annealed at 800 °C showed
well-crystallized phases. However, after annealing at
high temperature [see Fig. 3(b)], some pores were
observed in the film. This may be attributed to the
effects of shrinkage in the gel coating on annealing.

Fig. 4 shows the XRD patterns of functionally graded
films annealed at 500, 600, 700 and 800 °C, respectively.
In film annealed at 500 °C, the HAP structure started to
become visible with peaks corresponding to the (002),
(210), (211), (112), (300) and (202). After annealing at
higher temperature, the films became more crystalline.
This implies that annealing is very effective to form well-
crystallized HAP. Neither B-tricalcium phosphate
[Ca3(POy),] (B-TCP) phase, corresponding to the
decomposition of carbonated HAP (CHA) at high tem-
perature, nor other phases, such as TiO, due to the Ti
oxidation, were detected in the coating.

Fig. 5 shows the XRD pattern of functionally graded
Ti/HAP coatings annealed at 500 (a), 600 (b), 700 (c)
and 800 °C (d), respectively, after incubation in SBF for
14 days. Since it is difficult to compare the differences of
HAP peak intensities, we defined the degree of HAP
intensity («) as follows:
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(%) = Inapein/ITicon

where 7 HAP(211) and 7 Ti(101) arc the intensities of HAP
(211) which is the strongest peak of the powder diffrac-
tion pattern, and Ti (101) reflections which is the stron-
gest peak among the peaks corresponding to substrate
used, respectively. As shown in Table 2, with increasing
the incubation time to 14 days, the HAP peak intensities
slightly increased in all samples, probably due to sec-
ondary biomimetic HAP formation in SBF. This indi-
cates that the number of active sites for HAP nucleation
on the functionally graded Ti/HAP coatings increased.
Generally, HAP formation from an aqueous solution is
controlled by nucleation and crystal growth. Nucleation
under normal condition is possible only when the solu-
tion is supersaturated with respect to HAP [13]. In such
an environment, once HAP nuclei are formed, they can
grow spontaneously by consuming Ca and P ions from
the surrounding fluid.
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Fig. 4. XRD pattern of Ti/HAP films annealed at various temperatures.
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Fig. 5. XRD patterns of Ti/HAP films annealed at various tempera-
tures after incubation in SBF for 14 days.

In view of this, in order to confirm the variation of Ca
and P contents in SBF as a function of the annealing
temperatures, we performed ICP analyses on the SBF
after incubation. Variation of P and Ca contents of the
soaking solutions is shown in Figs. 6 and 7. P and Ca
concentrations decreased gradually with increasing
incubation time, indicating that the amount of HAP
formed on the coatings increased. However, films
annealed at higher temperatures resulted in a lower rela-
tive decrease of concentrations. The lowest contents of P
and Ca were observed for films annealed at 500 °C. We
assume that pores and incompletely crystallized phases
in the film annealed at lower temperature may offer more
sites for attachments of Ca and P ions, since, from the
surface observation by SEM, films annealed at low tem-
perature (500 °C) showed a porous and plate-like struc-
ture [see Fig. 3(a)]. In future investigations, the optimal
annealing condition leading to high mechanical strength
must be evaluated more clearly on the basis of a bond-
ing test between the coating and the implant.

We have confirmed that graded films prepared by
HAP variation with 10% intervals are responsible for
biomimetic HAP formation. At present, most coatings
prepared on Ti implants designed to combine the
mechanical benefits of metal with the biocompatibility

Table 2
Relative peak intensity («) of HAP films annealed at various tem-
peratures

Temperature (°C)

Time (day) 500 600 700 800
0 20.9 25.0 27.2 37.0
14 234 25.9 28.9 40.7
30
H
g 20
c
.0
<
c
8 - 800°
g 10 m: 800°C
o 0: 700°C
A: 600°C
At 500°C
0

2 4 6 8 10 12 14
Incubation time (days)

Fig. 6. Variation of P concentration in SBF as a function of incuba-
tion time of films annealed at various temperatures.
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Fig. 7. Variation of Ca concentration in SBF as a function of incu-
bation time of films annealed at various temperatures.

of HAP exhibited short-comings during long-term
application due to different composition between cera-
mic and metal. From our microscopical, structural and
in vitro results, it can be concluded that preparation of
functionally graded Ti/HAP coatings was successfully
achieved. However, further research is needed to test the
mechanical strength and to carry out in vivo evaluations
of the coatings.

4. Conclusions

Graded Tijgo_/HAP, (x=0 — 100%) films were pre-
pared on Ti-6Al-4V implants by CSD using titanium-
isopropoxide chelated by acetylacetone, calcium nitrate
and phosphoric acid, as starting materials. Ti/HAP solu-
tions with variable HAP contents ranging from 0 to 100%
at 10% intervals were spin-coated onto substrate and
prefired at 500 °C. XRD and FE-SEM analysis showed
that Ti/HAP coatings with a dense interface between
coating and substrate were obtained by final annealing at
500 °C and higher. As confirmed by measuring variations

of the P and Ca concentrations after incubation in SBF
the coatings induced surface HAP formation.
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