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Abstract

In this study, calcium and phosphorous ions in the simulated body fluid (SBF) was be increased to increase the rate of precipitation o
hydroxyapatite (HA). The soaking temperature in concentrated calcium and phosphorous ion-SBF (CP-SBF) was increased to reduce tf
nucleation energy of the HA, which lead to an early precipitation to shorten the treatment process. When the metallic substrates treate
with 10 M NaOH aqueous solution and subsequently heated &&@0thin sodium titanium oxide layer was formed on the surfaces as the
linking layer for HA and Ti-6Al-4V alloys. After Ti-6Al-4V alloys treated with alkali solution, it would soak into a simulated body fluid
with higher concentration of calcium and phosphorous ions (CP-SBF) to increase the possibility of nucleation of HA. When Ti-6Al-4V
alloys treated with alkali solution, subsequently heated at@0@nd then soaked into CP-SBF at a temperature 6€3@ could form
a dense and thick (50m) bone-like hydroxyapatite layer on the surface. The HA layer was appeared on the surface of the Ti-alloy at the
first week soaking, which was greatly shorten the coating process. In the research, the characteristics of the coating layer will be analyze
by the results of X-ray diffractometer (XRD), scanning electron microscope (SEM), and Fourier transformation infrared (FT-IR).
© 2004 Published by Elsevier B.V.

Keywords:Alkaline treatment; Hydroxyapatite coating; Biomaterials

1. Introduction alloys are not the best from a biological point of view since
they may corrode away when implanted. Calcium phosphate
Generally, artificial materials implanted into bone defects (Ca—P) apatite has been well known to be suitable for bone
are encapsulated by fibrous tissue isolated from the sur-repair, augmentation, substitution, and surface cod8ihg
rounding bone. Implant materials to be used as substitutesCoating dental and orthopedic materials with biocompatible
for high load-bearing bones, such as femoral and tibia bones,calcium phosphate apatite enable one to mimic the reactions
need to possess not only bone-bonding ability but also high occurring in the natural calcified tissues without losing bulk
fracture toughnesgd]. However, neither the currently avail- ~ properties of materialpl—7].
able bioactive ceramics nor a biocompatible metal fulfills ~ The hydroxyapatite (HA) has excellent bioactivity but
these requirements. The fracture toughness of the ceramicsinsatisfactory in mechanical properties, with a bending
is lower than that of human cortical bone, and none of the strength less than 100 MPa. The coating of Ti alloy with HA
metals directly bonds to living bone. Titanium and titanium give rise to a favorable combination of the good mechanical
alloys are widely used in orthopedic implants because of properties of Ti-based alloys with the good bio-behavior of
their superior mechanical properties with a tensile strength HA. The coating on Ti metal or Ti alloys has been produced
of 860 MPa and yield strength of 775 MPa, and its lightness by pulsed laser depositioi@], ion-beam depositiof8] or
with a specific gravity of 4.5 g cr? [2]. However, Ti-based  sol—gel[10]. Currently, one of the most common practices
for actual clinical application is by plasma spray of HA onto
"+ Corresponding author. Tek+886 2 23123456x1449; Ti alloys at an elevated temperature near ;OMG\Iever—
fax: +886 2 23940049. theless, the produced coating is a mechanically bonded HA
E-mail addressdouble@ha.mc.ntu.edu.tw (F.-H. Lin). layer and is liable to peel offl1-17] The degradation of
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the coated HA layer is inevitable due its thermal unstability 37°C. Each specimen was immersed in different conditions
[18]. of solution as shown ifable 2 The treated specimens were

Recently, in vitro studies showed that titanium hydrogel washed gently with pure acetone and dried in a clean bench.
prepared by a sol-gel process or by alkali and heat treat-
ments could induce bone-like apatite on titanium substrate 2.3, Analysis of surface and solution
in simulated body fluid (SBHL9-24] However, the bioac-
tive layer produced by this method could be only arelatively  The surface structural change of the tested specimens was
thin film [1]. examined by X-ray diffractometer (XRD) using CuxKa-

This present study increased the calcium and phospho-diation with a wavelength of 0.154 nm and operated at the
rous ion concentration in the SBF (CP-SBF) and increased condition of 40kV and 20 mA. The goniometer was set at
the soaking temperature to increase the thickness of the HAg scan rate of 4min~! with 26 range of 10-60 Scan-
coating layer on alkali treated Ti—6Al-4V alloys. Thus pro- ning electron microscopy (SEM) was used for morphologi-
duced bioactive layer were characterized with scanning elec—ca| observation and infrared spectroscopy (|R) was used for
tron microscope (SEM), X-ray diffractometer (XRD) and chemical analysis. The infrared (IR) spectrum was set with

Fourier transformation infrared (FT-IR). a resolution of 8 cm! within the range of 400-4000 cr.
2. Materials and methods 3. Results
2.1. Specimen and surface preparation Fig. 1 showed the XRD patterns of the Ti—-6Al-4V al-

loy substrate treated with 10M NaOH at 8D for 24 h
Ti—6Al-4V plate was supplied by the Materials Re- and heated to various temperaturgigy. 1ashows the typ-

search Laboratories, Industrial Technology Research In-ical XRD pattern of Ti-alloy substrate. The alkali solution
stitute (ITRI, Hsinchu, Taiwan). The titanium alloy with treatment did not change the diffraction pattefig( 1b) as
10mmx 10mmx 1 mm in dimension were abraded with expected. After treated with alkali solution and subsequent
#320, #400, #600, #1000 SiC sequentially, and cleanedheat treatment at 50C, the pattern shows only peaks cor-
with acetone and distilled water in an ultrasonic cleaner. responding to Ti-alloy Fig. 19. A sodium titanium oxide
Alkali treatment was performed by soaking thus prepared (Na,TisO;1) was formed on the surface after subsequent
substrates in 5mL of 10 M NaOH aqueous solution &G0  heat treatment at the temperature of 660Fig. 1d. Once
for 24 h [25-29] After the alkali treatment, the substrates the temperature up to 70C€, an unknown phase was ap-
were gently washed with distilled water and dried at@0  peared on the pattern which could not be identified from the
for 24h in an air atmosphere. The alkali-treated substratescurrent JCPD file. Sodium titanium oxide (MasO11) still
were then heated to 500-800 at a rate of 5Cmin~t in appeared at the temperature of 7@as shown irFig. 1e
an Ni-Cr electric furnace, held at a given temperature for Fig. 1f was the XRD pattern of Ti-alloy treated with alkali
I'h, and then cooled to room temperature in the furnace.  solution and then heated at 80D. It showed a thick layer of

rutile covered on the surface of the substrate. There were no
2.2. Soaking in simulated body fluid peaks belonging to Ti-alloy or any other phases appeared on

the pattern. An inter-compound plays an important role to

The simulated body fluid (SBF) applied exhibits ion con- link up the Ti-alloy substrate and the later coated HA layer.

centrations nearly equal to those of human blood plasma, The 600°C was thought to be the optimum temperature for
as shown inTable 1 [30,31] The CP-SBF inTable 1 heat treatment and would be used for the later experiments.
was a modified SBF with higher concentration product of  Fig. 2 shows the XRD pattern of Ti-alloy treated with
Cat and PQ3~. The two simulated body fluids were pre- Al condition of Table 2 where previous treated Ti-alloys
pared by dissolving reagent grade NaCl, NaHC®C1, was soaked in CP-SBF at the temperature ofG7or 1-4
Ko2HPOy-3H20, MgCh-6H,0, CaCh, and NaSQy in dis- weeks. Hydroxyapatite (HA) was not detected when soaked
tilled water, and buffered at pH 7.40 with hydrochloric acid upto 3 weeks Kig. 2a—¢. HA appeared when soaked for
and tris-hydroxymethylaminomethane [(@BIH)3sCNH,] at 4 weeks Fig. 3d. The broadening peaks were due to the

Table 1
lonic concentrations of SBF and CP-SBF solutions, in comparison with those of human blood plasma

Concentration (mM)

Na* Kt Mg2t+ cat cl- HCO3~ HPOyZ~ SO2-
Blood plasma 142.0 5.0 15 25 103.0 27.0 27.0 0.5
SBF 142.0 5.0 15 25 147.8 4.2 4.2 0.5

CP-SBF 142.0 5.0 15 3.75 147.8 4.2 4.2 0.5
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Table 2
The deposition results of samples in different solution conditions
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Sample Heat treatment ) Solution Soaking temperaturéQ) Soaking period (week) HA formed (week)
Al 600 CP-SBF 37 -4 4
A2 600 CP-SBF 80 -4 1
A3 600 SBF 80 -4 2

fine grain and low crystallinity. Ti-alloys treated with the
A2 condition of Table 2exhibits HA peaksKig. 3 when

face was filled with gel-like structure. The subsequent heat
treatment at 600C gave rise to the prism sodium titanium

soaked for 1 week. The intensity of the HA peaks was ever oxide (NaTisO11) spreading on the gel-like structure. The

enhanced at longer treatment duratibig( 3b—d. The peaks

treatment of the Ti-alloy with the Al condition ofable 2

corresponding to Ti-alloy, though, remained in the pattern produced a fine grain and thin film of HA layer was coated
with decreasing intensity. The treatment of the Ti-6Al-4V on the surfaceKig. 69. If treated as A2 condition, the HA

with the A3 condition ofTable 2resulted in the formation of
B-TiO2 and NaTisO;1 after 1 week treatment as shown in

crystals on the coated layer were turned into larger with a
lava flow structure and showed a much thicker layer around

Fig. 4a The intensity of the HA peaks gradually increases 40-50um in thickness Fig. 60). If soaked in SBF for 4

as the treatment period increases to 4 weélg. @b—g.
Fig. 5ashows the surface morphology of Ti-alloy after
alkali treated with 10 M NaOH at 6QC for 24 h. The sur-
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Fig. 1. XRD patterns of the surface of the (a) Ti6—Al-4V alloys substrate

(b) treated with 10 M NaOH at 6CC for 24 h and subsequently heated
to the temperature of: (c) 50C, (d) 600°C, (e) 700°C, (f) 800°C.

weeks as the A3 condition ofable 2 HA layer became
thinner around 10-14pm in thickness ig. 69.

Fig. 7was the FT-IR spectrum of the Ti-6Al-4V treated
with A2 condition of Table 2 The absorption bands at
1000-1100, 960, and 560—-600 chwere corresponding to
phosphates, phosphate, and phosphate,, respectively.

The absorption bands for carbonate appeared at 870, 1420
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Fig. 2. XRD patterns of Ti-6Al-4V alloys treated as Al condition of
Table 2 (a) 1 week, (b) 2 weeks, (c) 3 weeks, (d) 4 weeks.
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Fig. 3. XRD patterns of Ti—-6Al—4V alloys treated as A2 condition of Fig. 4. XRD patterns of Ti-6Al-4V alloys treated as A3 condition of
Table 2 (a) 1 week, (b) 2 weeks, (c) 3 weeks, (d) 4 weeks. Table 2 (a) 1 week, (b) 2 weeks, (c) 3 weeks, (d) 4 weeks.

and 1490 cm?. It reflected that carbonate ions was incor-

porated in the HA structure as a biological apatite. Basing on this heterogeneous nucleated by nucleation

theory, it is possible to induce increasing the solution su-

persaturatiorS and reducing the net interfacial energy

In the present study, the solution supersaturatfowas

4. Discussion greatly increased by increasing the product of‘Cand

HPO42~ in SBF (CP-SBF) to reduce the free energy for

As mentioned earlier, the requirement for titanium to bond nucleation AG). Homogeneous precipitation occurring in

to living bone is for the formation of a biologically active highly supersaturated solutions was prevented by using a

bone-like apatite on their surface. It has been confirmed thatlow temperature system. In this study, the temperature for

the formation of this apatite on the surfaces of materials in HA precipitation was also increased to 8D to reduce the

vivo can be produced in SBR2]. In view of these facts,  nucleation free energy of the HA coating.

the titanium and its alloys treated by the method of previous =~ When the Ti-alloy was treated with Al condition, the HA

studies are believed to form the bone-like apatite layer on appeared at 4-week soaking due to higher nucleation en-

their surfaces. However, the reported methods could only ergy in lower precipitation temperature of 32 (Fig. 2. If

form a thin film of HA on the surface and was not durable Ti-alloy treated with A3 condition, the substrate was soaked

for long-term application. in SBF at the temperature of 8C@. Though increased the
The Ostwald’s nucleation theoff35] describes that the  soaking temperature, the concentration of calcium and phos-

free energy for nucleation depends on the supersaturationphorous ions was relatively low in SBF. The HA coat-

of solution ), the net interfacial energy for nucleation)( ing layer appeared at 2-week soakirfgg 3). However,

the temperatureT(, and the particle surface are®){ the thickness of the HA layer was only around 10415
(Fig. 6). If increase the production of E&/HPO4*~ in

AG = —RT(In S) + cA SBF (CP-SBF) and increase the soaking temperature, the
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Fig. 5. SEM photographs of Ti-6Al-4V alloys: (a) after alkali treatment and (b) after subsequent heat treatmeriCato8Dh.

nucleation energy decrease in great amplitude which causemmersed titanium alloy in 10 M alkali solution to produce
to the HA layer to precipitate on surface earlier. 4) with an active hydrogel surface layer that was subsequently
a thicker coating around 40-p0n (Fig. 6). treated at 600C to stabilize it compared g3-TiO2 crys-

The different conditions immersion results in this work talline at 700°0C, which are always on Ti® surface at
indicate that all of alkali treatment can produce the tita- aqueous environment, could benefit the induction of Ca—P
nium surface allowing the Ca—P crystal growth. The effect from different conditions of solutiof32]. To understand
of immersion temperature and concentration could increasethe accurate relationship between Ca—P indication and tita-
the coating thickness. The alkali treatment is necessary tonium surface properties, the detailed nucleation process of
acquire a new Ti@ surface layer on titanium instead of Ca—P on the chemically treated titanium surface had been
the naturally formed one because the Ofroups, so we  investigated33].
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Fig. 6. The SEM micrographs of the HA precipitation as the conditions
of: (a) A1, (b) A2, (c) A3, soaked for 4 weeks.

A biologically apatite with carbonate containing can

be obtained by the present method. Vignoles, Bonel, and [1] HM. Kim, F. Miyaji, T. Kokubo, S. Mishighchi,

Montel in [34] have reported that carbonate-containing
calcium-deficient HA could be precipitate at higher pH
value of 8.5. As shown ifrig. 7, the absorption bands for
carbonate and HPf~ could be observed on the spectra.
It proved that a thick layer of biological hydroxyapatite
could be precipitated on the surface of the Ti-alloy after
treated in alkali solution at 6GC, subsequent heat treat-
ment at 600C, and then soaked in CP-SBF solution at the
temperature of 80C for 4 weeks.

29
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Fig. 7. FT-IR absorbance spectra of the Ti-alloy after alkali treated,
subsequent heat treatment at 600and then immersed in CP-SBF at
80°C for 4 weeks.

5. Conclusions

A thick biological HA layer was successfully coated
on the Ti-alloy after treatment by soaking in CP-SBF at
80°C followed by heat treatment at 60C. Increasing the
production of calcium and phosphorous ions in SBF and
increasing the soaking temperature could effectively reduce
the nucleation energy of the hydroxyapatite, that could lead
to rapid precipitation of HA. This also gave rise to the be-
havior of precipitation at relatively lower temperature. The
method described herein has a great potential to the future
application on the surface treatment of metallic substrate
before used in vivo.
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