approximately 1m diameter, with an incident power of 2mW.

Tablel. Ti surfaces treated conditions with NaOH solution

Temp.(°C) | Time(h} | 600°CHeat
A 50 24 No
B 50 24 Yes
C 150 1 No

Synthetic DCPD and calcium hydroxide (Ca(OH), ; KANTO CHEMICAL CO., INC., 95.0%) were
mixed in a mortar for 30min with a Ca/P ratio of 1.67. The powder mixture and Ti disks were placed inta the
middle of the autoclave simultaneously, as shown in Fig.1. The autoclave has a pistons-cylinder structure with
an inside diameter of 20mm in this research. The pistons possess escape space for hydrothermal solution
squeezed from the sample, and this space regulates the appropriate hydrothermal conditions in the sample. A
grand packing made of PTFE is fixed between a cast rod and a push rod, and it is deformed by pressure from
the top and bottom to prevent leakage of the hydrothermal solutions.

pie QG54 % |2~ Thermocouple
Heater 9 O
S {I57 0 DCPD+Ca(OH);
Titanium < O 0 Ti~.
disk O 0 lf-.‘»,
Space for R
Cast rod 3 O vs?ater retreat  “aam
2 L) X O\ @
Push rod ———— PTFE

d packi . S
7 grand packing = 5(=3.33D)  “Pre-crack.

Fig.1 The schematic illustration of the autoclave  Fig.2 Schematic illustrations of 3-point bending test.
for Hydrothermal Hot-Pressing(HHP).

A pressure of 40MPa was initially applied to the sample through the loading rods from the top and
bottom at room temperature. After the initial loading the autoclave was heated to 150°C at heating rate of
10°C /min, and then the temperature was kept constant for 2hours. The autoclave was heated with a
sheath-type heater. The initial axial pressure was kept at 40MPa at initial state of the HHP treatment. After the
treatment, the autoclave was cooled to room temperature naturally, and the sample removed from the
autoclave. The shrinkage behavior of the sample during the HHP treatment was monitored by measuring the
relative movement between the two pistons using a displacement gage. The displacement data were used to
determine the volume ratio ¥ of the sample, defined as follows:

b=tk

x100 )
1
where /; is initial sample height, and A# is the relative displacement during the heating process,
3-point bending tests were conducted to obtain an estimate of the fracture toughness for the HAp/Ti
mterface as well as for the HAp ceramics only. Core-based specimens were used for the fracture toughness
tests and a pre-crack was introduced along the HAp/Ti interface of the bonded specimens. The stress intensity
factor K was used to evaluate the bonding strength of the HAp/Ti. K is expressed as follows [8]:

K= 0.25(%)1’;% 3

where D is the diameter of the specimen (=20mm), S (= 3.33D) is supporting span, F is load, ¥, is
dimensionless stress intensity factor. The value of ¥, can be found in Ref.[8] as a function of the relative
length, a/D. The configuration of the core-based specimen is shown in Fig.2. The steel-rods were attached to
HAp body and HAp/Ti body using epoxy resin in order to prepare standard core specimens.
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Results and Discussion

After NaOH treatment, the Ti disks had colored surface in all condition. It seemed Ti disks had some
kinds of reaction layers by NaOH solution treatment. In reference [7], the reaction layer produced by only
immersion (condition: A) was so weak as to delaminate from Ti substrate easily. According to this structurally
defects, the Ti disks were needed the heat treatment at 600°C after the immersion (condition: B). While the
reaction layer of condition: C had strong structure in spite of only immersion. From these results, it could be
said that using NaOH solvo-thermal reaction on Ti surface treatment had the advantage in the view point of
reducing the processing procedures.

SEM images of Ti surface treated with the condition of B and C were shown in Fig3 and Fig4
respectively. The difference between the treatment conditions could be found. The surface in Fig.4 was looked
like a sponge. On the other hand, the surface in Fig.5 is looked like flowers.

The results of Raman spectroscopy analysis were shown in Fig.5 and Fig.6 respectively to characterize
these reaction layers. The result of no treatment Ti surface put in Fig.5 in order to compare by Ti surface of no
treatment. In the reaction layer of the condition B, the peaks could be found of rutile and a little narium
titanate. In the condition C, the peaks could be found of anatase, rutile and natrium titanate.

The samples processing conditions is shown in Fig.7. HAp/Ti bonding bodies were achieved in all
conditions of NaOH treatments. HAp/Ti interface toughness data obtained from 3-point bending tests. In
terms of presenting K,, The data given in Table2 are average value obtained from at least five specimens. In
case of A and B conditions, the interface toughness was slightly Jower than the value of no treatment [6]. The
interface toughness data of condition: C was higher than that of no treatment [6]. From these results, NaOH
treatments on Ti surface were useful in obtaining HAp/Ti bonding body. Especially, NaOH solvo-thermal
treatment on Ti surface could be enhanced the HAp/Ti interface toughness.

Fig3 SEM image of Ti surface treated in Fig.4 SEM image of Ti surface treated in

NaOH (condition: B). NaOH (condition: C).
Ti
8
=) g v T]:-/O{ﬁ T 0N
400 HI)O B{l)O 10.00 1200 400 SI)O . 860_ 1600 1200
Wavenumber {cm™) Wavenumber (cm™)
Fig.5 FT-Raman spectroscopy analysis of Ti Fig.6 FT-Raman spectroscopy analysis of Ti
surface (condition: B). surface (condition: C).
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Fig.7 The indication of the temperature, shrinking behavior and pressure during HHP treatment.

Table2. Critical stress intensity factor K¢ (MPam'?)
A B C | No treatment
Kecl 022 [ 0.21 1 0.35 0.25

The reaction layers were made on Ti surface in order to improve the joining properties of HAp/Ti by NaOH
solution treatments. The properties of the reaction layers were not uniformity, depended on treatment
conditions. It is needed appropriate treatment conditions should be found in order to enhance fracture
toughness of HAp/Ti interface. Investigation of NaOH treatment condition and analysis of the reaction layer
toward depth are in progress.

Conclusions

NaOH solvo-thermal treatment on Ti surface was very effective to bonding strength of hydroxyapatite and
titanium. HAp/Ti interface fracture toughness could be enhanced with NaOH solvo-thermal treatment on Ti
surface,
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Bonding hydroxyapatite ceramics and titanium by hydrothermal
hot-pressing method
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Solidification of hydroxyapatite (HA) and its bonding with titanium (Ti) was achieved
simultaneously by using a hydrothermal hot-pressing method at temperatures as low as
150C. A mixture of calcium hydrogen phosphate dihydrate and calcium hydroxide was
used as a starting powder material for solidifying HA. 3-point bending tests were conducted
to obtain an estimate of the fracture toughness for the HA/Ti interface as well as for the HA
ceramics only. The fracture toughness tests showed that the induced crack from the pre-
crack tip deviated from the HA/Ti interface and propagated into the HA. The fracture
toughness determined on the HA/Ti specimen was closed to that of the HA ceramics only
(K,»=0.30 MPam"?). Depth profile of the chemical composition determined by GD-OES
method indicated that the bonding of HA and Ti was achieved though the formation of
a reaction layer at the HA/Ti interface. The thickness of the reaction layer was estimated

to be approximately 1 gm.
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Role of NH; on the formation of hydroxyapatite ceramics
with lamellar structure by hydrothermal hot-pressing
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Hydroxyapatite ceramics was prepared by hydrothermal hot-pressing from octacalcium
phosphate. Various solvents were added to octacalcium phosphate powder and then treated
by hydrothermal hot-pressing at 300°C, 40 MPa for 2 hours. The effects of the solvent
were investigated. When the solvent contained NH; and pH value was greater than 7, the
hydroxyapatite ceramics with lamellar structure could be obtained. The degree of hydroxy-
apatite crystals alignment became higher with the increasing NH," concentration. The
bending strength became larger with the increasing degree of hydroxyapatite crystals
alignment. The maximum bending strength reached approximately 70 MPa.

1. Introduction

One of the most important requirements for
artificial implants is bioccompatibility, viz.
acceptance to the tissue surface. Hydroxyapatite
(HAp) has excellent biocompatibility with tissue
because it 1s the main inorganic part of the hard
tissue. Thus, HAp ceramics is regarded as one
of the most suitable bioccmpatible materials for
replacement implants'’.

The conventional method for preparing HAp
ceramics iIs a sintering technique where high
temperature (1000-1500°C) is commonly used.
However, the biocompatibility of HAp may
decrease due to high temperature treatments®’.
Thus, a low temperature technique may be
more appropriate to prevent or alleviate the
decrease of biocompatibility. One of the issues
in the application of conventional HAp ceramics
is their fracture property is poorer than human
bones®'*’.

The formation of lamellar structures is

expected to improve the fracture strength of

the material, as chserved, for example, in shells,
In fact, human bones also have a lamellar
structure and its HAp crystals are composed
of slender needles 200-400A long by 15-30A
thick in collagen fiber matrix, and these fibrils
are arranged into lamellar sheets. The structure
of human bones provides the excellent mechani-
cal property. For example; their bending
strength is in the range of 50-150 MPa. In this
study, a hydrothermal hot-pressing {HHP)

method is employed to prepare HAp ceramics
from octacalcium phosphate (OCP), and the
effect of different solvents on the texture of the
HAp ceramics is examined with the objective
of forming a lamellar structure in the HAp

ceramics.

2. Experimental procedure
2.1 Preparation of HAp ceramics
The starting powder material, OCP was
prepared by hydrolysis of @-Ca,PQ, in a mixture
solution of CH,COONa, CH,COOH, and water



with pH=4.7 at 70°C for 6 h*'. The precipitation
was filtered and washed by ion-exchanged
water, and then dried at 50C. Schematic of the
apparatus used for hydrothermal hot-pressing
is shown in Fig. 1. The inner diameter of the
cylindrical reaction chamber was 20mn. Different
solvents were used to prepare HAp ceramics
from the OCP. The pH and concentration of
NH, in each solvent are shown in Table 1, along
with the sample No. The OCP powder (5 g)

was placed into the middle portion of the reaction
chamber, as shown in Fig. 1. Then, solvent
(0.5g) was added tc the OCP powder. A
pressure of 40 MPa was applied to the sample
through the loading rods from the top and
bottom. While keeping the applied pressure,
the sample was heated to 300TC at a rate of
10°C /min, and then the temperature was kept
constant for 2 h, followed by natural cooling

down to room temperature.

2.2 Determination of the HAp crystal align-
ment

X-ray diffraction {XRD) analyses were
conducted employing CuK @ at 40kV and 40mA,
in order to examine the phase and texture of
the solidified bodies by the HHP method. The
XRD analyses were made by using two mutually
orthogonal planes : the plane parallel with the
applied load direction (hereafter, designated
by plane (a)), and the plane normal to the applied
load direction (designated by plane {(b}}. The
degree of the crystal alignment is estimated by
the following parameter .

_ I(:)oz) It[?d(m (1)

= -9 >
Too Tioon

where Jixa and [ém are the intensity of (002}
and (300) reflections on plane (a}, respectively.
Tiws and T are the intensity of (002) and (300)
reflections on plane {b), respectively. In this
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Fig. 1 Schematic of the apparatus used for HHP
process

Table 1 Solvents used for HHP process

NH,'
Sample .
No. Solvent : pH | concentration
(mol/1)
51 CH,COONH, 4 3.42
52 CH,(COOK) (COOH) | 4 0
53 H.O 7 0
S4 Na,BO.O, 9 0
55 NH.HCO;+ NH.HO | 9 3.49
S6 NHHCO,+ NaQH | 10 2.32
57 NH,H.O 10 0.00075
S8 NHH,O 14 16.59

study, the XRD parameter # defined by the
above equation is used to obtain a measure of
the degree of crystal alignment in the solidified
bodies.

2.3 Determination of the bending strength
The bending strength was measured by
conducting 3 -point-bending tests (Fig. 2).
The dimensions of the specimens were 3. 1mn
width, 4.8mm height, and 16~18mn length,
respectively. Stainless steel blocks (30mn long)
were attached to both ends of the HAp ceramics
prepared by HHP process, using epoxy resin, in
order to prepare a standard bending specimen.
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The load was applied to the specimen so that
the load direction was parallel to the axial load
used for the HHP process. The specimens were
loaded to complete failure at a constant crosshead
speed of 0. 5mm/min. The bending strength was
calculated by using the following equation ;

_ 3PL
77 200 (2)

where P is the load, L (=50mm) span, b (=3.1
mm) and h (=4.8m) the width and height of the
specimen, respectively.

The fracture surface was observed by a
scanning electron microscope (SEM).

Stainless steel Load HAp

=R

L 7

Fig. 2 Schematic of the 3 -point-bending test

3. Results and Discussion

The XRD patterns of the solidified bodies are
shown in Fig. 3. The resuits obtained on planes
(a) and (b) are shown for each sample. The
majority of the peaks are those of HAp, whereas
the peaks underlined in the figure correspond
to CaHPO,. It is seen that the primary phase of
the solidified bodies is HAp. The XRD patterns
of the samples, which are processed with the
solvents containing no NH,' ion (samples:$2,
53, and S4), is similar for the orthogonal
planes, regardless of the orientations with
respect to the applied load direction. However,
it is noted that the NH, -containing solvents
(samples 1 S5, S6, S7, $8) produce a marked
different XRD pattern for the orthogonal planes,
when the pH value is greater than 7. When
the NH," concentration is increased, on plane
(a), the relative intensity of the peak (002)
becomes larger while the peak (300} decreases.

The results show that the HAp crystalline
produced by the HHP process with the NH,' -
containing solvents has an anisotropic structure
the ¢ crystal axis of the HAp is normal to the
applied load. The XRD parameter 7 is plotted as
a function of the NH," concentration in Fig. 4.

It is clearly shown that the degree of the aligned
c crystal axis tends to be higher with the increa-
sing NH," concentration. It should be noted that
when the pH value is less than 7 (sample S1),
no anisotropic feature appears in the XRD
pattern.

SEM observations of the fracture surfaces
(Fig. 5) show that the orientation of HAp
grains is random when the solvents include no
NH," ion (sample S2, $3, S4). However, the
samples prepared with high concentration of
NH," ion exhibit a lamellar structure. These
observations are consistent with the XRD patterns
described above. Thus, NH,' plays an impor-
tant role in the formation of HAp ceramics with
the lamellar structure.

The bending strength of the samples is plotted
in Fig. 6, as a function of the XRD parameter
7. It is demonstrated that the bending strength
becomes larger with the increasing 7. This
result indicates that the formation of the lamellar
structure is useful to improve the fracture
strength of HAp ceramics. The maximum
bending strength achieved by the HHP process
reaches approximately 70 MPa.

4, Summary

A lamellar structure of HAp ceramics can be
produced using OCP powder as a starting material
and NH, -containing solvents with the hydro-
thermal hot-pressing technique. The lamellar
structure is formed by stacking HAp thin layers.
The formation of the lamellar structure enhances
the fracture strength of HAp ceramics.
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Fig. 3 SEM of the fracture surfaces
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JOINING HYDROXYAPATITE CERAMICS AND TITANIUM ALLOYS
BY HYDROTHERMAL METHOD

T. Onoki', K. Hosoi? and T. Hashida'

' Fracture Research Institute, Tohoku University, Sendai, JAPAN, onoki@rift.mech.tohoku.ac.jp
2 Shiraishi Kogyo Kaisha Limited, Amagasaki, JAPAN, hosci@kogyo.shiraishi.co.jp

Keywords: Hydroxyapatite, Titanium alloy, Hydrothermal method, NaOH solution, Joining..

Abstract. Solidificatioin of hydroxyapatite (HA) and its bonding with titanium (Ti) alloys was
achieved simultaneously by using a hydrothermal hot-pressing (HHP) method. The reaction
temperature used for the HHP treatment was as low as 150 °C. Two types of Ti alloys;
Ti-15Mo-5Zr-3Al and Ti-6A1-2Nb-1Ta were tested to examine the effect of NaOH hydrothermal
treatment. The NaOH treatment was shown to be uscful to enhance the interface fracture property in
the bonded HA/Ti body for both Ti alloys. The use of Ti-15Mo-5Zr-3Al was more effective in the
NaOH treatment and the bonded HA/Ti body provided approximately three times higher interface
toughness compared with that for the non-treated Ti alloy.

Intreduction
Titanium (Ti) and its alloys are widely used as orthopedic and dental implant materials because

of their high mechanical strength, low modulus and good corrosion resistance [1]. However, when
embedded in the body, a fibrous tissue encapsulates the implant, isolating it from the surrounding
bone. Some bioactive ceramics such as hydroxyapatite (Ca o(POa)s(OH)2) (HA), bioglass and glass
ceramics can dircctly bond to living bones when used as a bone replacement materials [2]. The
mechanical properties of HA only allow its applications in the small non-loaded structures. The
possibility of HA deposited into the films and its bioactive properties exploited in the structural
prostheses, for instance teeth root, hip, knee and shoulder joint replacement. Therefore, the HA is
used as coating materials of those prostheses surface in order to prepare the bioactive layers on the
Ti alloys. The HA surface improves the fixation of the implants due to the penetrative growth of the
bone into the coating, forming a mechanical interlock. ' _

Plasma spraying techniques traditionally have been used in process of hydroxyapatite coating
[3]. However, this high temperature method results in a number of significant problems, including
phase and chemical decomposition of the HA, absence of a chemical interface/bond between the
HA coating and substrate.

We have recently reported a new method for bonding HA ceramics and pure Ti disk by using a
hydrothermal hot-pressing (HHP) [4]. The hydrothermal reaction of calcium hydrogen phosphate
dihydrate (CaHPO4.2H,0; DCPD) and calcium hydroxide (Ca(OH);) occurs in a liquid phase as

follows:
6CaHPO4.2H,0 +4Ca(OH); — Cap(PO4)(OH), + 18H, 0. (1)

The water of crystallization in DCPD is slowly lost below 100 °C is well known phenomena [5].
If the released water can be utilized as a reaction solvent during the HHP treatment, then the
synthesis and solidification of HA and joining the HA to metal can be achieved simultancously
under the hydrothermal condition.

Recently, it has been reported that if the Ti and its alloys surface is treated with natrium
hydroxide (NaOH) solution it obtains the ability of joining HA directly by a biomimetic method [6].
This paper describes a new bonding technique of HA ceramics and Ti alloys and discusses the
effects of the NaOH solution treatment on the interface property of bonded HA/Ti alloy bodics in

HHP method.

Experimental
Sample preparation. Firstly DCPD powder is used as a starting material was prepared by

mixing 1.0M calcium nitrate solution (Ca(NO);.4H,O ; Kanto Chemical Co., Inc., 99.0%, Japan)
and 1.0M diammonium hydrogen phosphate solution ((NH4);HPO4 ; Kanto Chemical Co., Inc.,

Licensed to Tohoku University - Sendai - Japan Onoki (onoki@rift. mech.tohoku.ac.jp) - Tohoku University - Japan
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written permission of the publisher: Trans Tech Pubtications Ltd, Switzerland, www itp net. (ID: 130.34.87.109-07/02/05,02:53:08)



572 Bioceramics 15

98.5%, Japan). The mixing was carried out at a room temperature (approximately 20°C). The
precipitate from the mixture was filtered and washed with deionized water and acetone. The washed
filter cake was oven-dried and then ground to a powder.

Two kinds of Ti alloys rods (Ti-15Mo-5Zr-3Al, Ti-6Al-2Nb-1Ta; Kobelco, Japan), 20mm in
diameter, were used as a substrate material. The Ti alloy rods were cut into disks with a thickness of
10mm, and were cleaned in deionized water and acetone by using a ultrasonic cleaner. The Ti alloys
disks were treated with alkali solution(SM NaOH). The conditions of a NaOH solution
hydrothermal treatment were conducted at 150°C for Oh, 2h and 24h respectively. After the
hydrothermal treatments, the Ti alloys disks were washed by deionized water, and then dried in air.
The surfaces, the surfaces of the NaOH treated Ti alloy disks were observed using scanning electron
microscopy (Hitachi FE-SEM S-4300).

DCPD and calcium hydroxide {Ca(OH), ; Kanto Chemical Co., Inc., 95.0%, Japan) were mixed
in a mortar for 30min with a Ca/P ratio of 1.67. The powder mixture and Ti alloys disks were
placed into the middle of the autoclave, as shown in Fig.1. The autoclave has a pistons-cylinder
structure with an inside diameter of 20mm. The pistons possess escape space for hydrothermal
solution squeczed from the sample, and this space regulates the appropriate hydrothermal
conditions in the sample. A grand packing made of PTFE was fixed between a cast rod and a push
rod, and it was deformed by pressure from the top and bottom to prevent leakage of the

hydrothermal solutions.

L Load:F
Thermocouple Ti alloy\

Die /HAP D(=20mm)

L

Ti alloy - DCPD+Ca(OH)2
5 _
> Space for
Heater o Water Retreat / (=5mm)
; o) 10mm al=emm
Push Rod S AL, - N
T - urand Facking S(=3.33D) Pre-crack
Fig.1 The schematic illustration of the autoclave Fig.2 Schematic illustrations of 3-point bending test.

for Hydrothermal Hot-Pressing{HHP).

A pressure of 40MPa was initially applied to the sample through the loading rods from the top
and bottom at room temperature. After the initial loading the autoclave was heated to 150°C at
heating rate of 10°C /min, and then the temperature was kept constant for 2hours. The autoclave
was heated with a sheath-type heater. The initial axial pressure was kept at 40MPa at initial state of
the HHP treatment. After the treatment, the autoclave was cooled to a room temperature naturally,
and the sample removed from the autoclave. The shrinkage behavior of the sample during the
HHP treatment was monitored by measuring the relative movement between the two pistons using a
displacement gage. The displacement data were used to determine the volume ratio ¥ of the sample,

defined as follows:

_h—Ah

V x100. (2)

where 4; is the initial sample height, and A# is the relative displacement during the heating process.
Bonding strength evaluation. Uniaxial tension tests and 3-point bending tests were conducted to
obtain an estimate of the fracture toughness for the HA/Ti alloy interface. In the 3-point bending
tests, core-based specimens were used to determine for the fracture toughness. The configuration of
the core-based specimen used is shown in Fig.2. Two steel rods were attached to the HA/Ti body
using an epoxy resin in order to prepare the standard core specimens.

A pre-crack was introduced along the interface of the bonded HA/Ti alloy specimens. The stress
intensity factor K was employed to evaluate the bonding proparty of the HA/Ti alloy specimens. K
was computed using the following equation [7]:
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K= 0.25(%))@'-5% . 3)

where D is the diameter of the specimen (=20mm), S (= 3.33D) is supporting span, F is load, Y. is
dimensionless stress intensity factor. The value of Y. can be found in Ref.[7] as a function of the
relative length, o/D.

Results and Discussion

Sample preparation. An example of the HHP processing conditions is shown in Fig.3. The
temperature and pressure histories are shown in the figure along with the volume ratio data. It was
shown that lowering of the pressure after the completion of the volume chage is useful to produce a
better bonding property. Thus, the pressure was decreased as indicated in Fig.3 for all the tests. The
bonded bodies were obtained for the two Ti
alloys in both the cases of the NaOH solution

50

w0p Tem perature 1100 treatment and non-treatment. An SEM image

~ uop_ {a0 of the Ti-15Mo-5Zr-3Al alloy surface treated
&; 200 | 1% e with NaOH for Zhours is shown in Fig.4. The
2 1o} . Prssue 3“;_80 g treated surfaqe F:xhlbxt a sponge-like
g s ) 1 & p morpholgy which is totally different from
e s Volmerato g = smooth non-treated initial surface. It has been .
0F ' ™ = shown by Raman spectroscopy that a reaction

of . 180 layer conststing of titanium oxide and natrium

ok p” s T e titanate was formed on the treated Ti surfaces.

Tie @) o Thus, the sponge-like surface as in Figure 4

Fig.3 The indication of the temperature, shrinking may reflect the formation of titanium oxide

behavior and pressure during HHP treatment.

and natrium titanate.

‘-7‘ gt ,m#é
Fig.4 Photo of Ti-15Mo-5Zr-3 Al surface treated Fig.5 Photo of no treated Ti-15Mo-5Zr-3Al
with NaOH hydrothermal solution for 2h. specimen after tensile test.

Bonding strength evaluation. The tensile strength of the bonded HA/Ti bodies measured and
the fracture location observed. The bonded body of the Ti-6Al-2Nb-1Ta alloy without treatment
fractured along the interface and showed an only lower value of tensile strength, 1.0MPa. On the
other hand, the Ti-15Mo-5Zr-3Al alloy without NaOH treatment produced the improved bonding
property compared with the case of the Ti-6Al-2Nb-1Ta alloy. The bonded specimen of
Ti-15Mo-5Zr-3Al alloy after tension test is shown in Fig.5. It can be seen that the fracture took
place in the HA ceramics and the interface remained undamaged. The tensile strength for the
bonded body was 1.0MPa. This value corresponds to the range of tensile strength of the HA
ceramics that is reported in previous literatures. The above-mentioned observation suggests that the
interface may have higher fracture property than the HA ceramics itself. These results also
suggest that the NaOH treatment of Ti surfaces may improve the interface fracture property in the
bonded HA/T1 bodies.

In order to access more directly the interface fracture property, the bonded HA/Ti bodies with a
pre-crack were subjected to 3-point bending fracture toughness tests. The values of the critical



574 Bioceramics 15

stress intensity factor K. arc shown in Fig.6, as a function of the NaOH treatment time. The
toughness data plotted in the figure are average values obtained from at least five specimens. The
Ti-6Al-2Nb-1Ta alloy without treatment showed an extremely lower fracture toughness. It is noted,
however, that the NaOH treatment allows us to improve the interface fracture property. The
treatment of 24hrs appears to further increase the interface fracture toughness realtive to the 2 hrs
treatment. Based on the SEM observation and Raman spectroscopy, the reaction layer formed on Ti
surface may be responsible for the improved interface toughness in the NaOH treated bodies. The
Ti-15Mo-5Zr-3Al alloy is shown to produce the enhanced interface toughness compared with that
of Ti-6Al-2Nb-1Ta. It is particularly noted that the treatment of 2hrs is most effective and provides
approximately three times higher interface toughness than that for the non-treated Ti alloy. The
fracture surface of the surface treated body for 2hrs is shown in Fig. 7. It is seen that the fracture
initiates at the pre-crack tip and propagates not along the interface but into the HA ceramics. This
observation clearly indicates that the bonded interface achieved by the HHP method possess a
significantly enhanced fracture property. As shown in Fig. 6, the prolonged treatment of 24hrs
provide no further increase in the interface toughness and rather cause a toughness reduction for
Ti-15Mo-5Zr-3Al alloy in contrast with Ti-6Al-2Nb-1Ta. Optimal surface treatment conditions
should be found in order to enhance the fracture toughness of the HA/Ti alloy interface. Further
investigation of NaOH treatment conditions and detailed chemical analysis of the reaction layer are
in progress.
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Fig.6 Fracture touhrness calculated from 3-point Fig.7 Photo of Ti-15Mo-5Zr-3 Al specimen treated
bending test. with NaOIl for 2h after 3-point bending test.

Conclusions

It has been demonstrated that HA ceramics can be bonded to Ti alloys by using a hydrothermal
hot-pressing method. Fracture toughness tests revealed that the interface fracture property of the
bonded HA/Ti bodies can be significantly improved by means of NaOH hydrothermal treatment of
Ti surfaces. It appears that the use of Ti-15Mo-5Zr-3Al alloy is more useful to enhance the interface
fracture property, relative to Ti-6A1-2Nb-1Ta.
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Novel Techniques of Hydroxyapatite Coating on Titanium
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Solidification of hydroxyapatite (HA) and its coating on titanium (Ti) rod was achicved si-
multaneously by utilizing a hydrothermal hot-pressing (HHP) method at the low temperature
as low as 150C. A mixture of calcium hydrogen phosphate dehydrate (DCPD) and caleium
hydroxide was used as a starting powder material for HA coating. The powder mixture and Ti
rod was placed in an autoclave for HHP treatment. Some Ti rods were treated with alkali

solution before HHP treatment.

Pull-out tests were conducted to obtain an estimate of the interfacial property or the HA/Ti
interface. The shear fracture strength obtained from the pull-out tests was approximately
3.0MPa. In post-test observations after fracture tests, HA ceramics remained on Ti rod. It
could be demonstrated that the fracture occurred into the HA ceramics, not into the HA/T}
interface. Especially, the alkali solution treatment could improve the fracture properties of
the interface between HA ceramics coating and Ti red.

Key words: Alkali solution treatment, Pull out test

1. INTRODUCTION

Titanium (Ti) and its alloy are widely used as
orthopedic and dental implant materials because of their
high mechanical strength, low modulus and good corro-
sion resistance,! Traditionally, Ti and its alloys have
been reported as bioinert. When embedded in the human
body, a fibrous tissue capsules the implant isolating from
the surrounding bone forms,

Some bioactive ceramics such as hydroxyapatite
(HA), bioglass and glass ceramics can directly bond to
living bone when used as bone replacement materials.?
HA ceramics are biomaterials which have been
extensively developed recently.™* In the traditional
method for solidifying HA, HA powder was sintered at
high temperatures over 1000° C.* The mechanical
properties of bulk HA only allow applications for small
non-loaded structure.® The possibility of depositing it
into films has permitted to exploit its bioactive
properties in structural prostheses such as teeth root, hip,
knee and shoulder joint replacement. Therefore, HA is
also used as a coating material for those prostheses
surface in order to prepare bioactive layers on titanium
and its alloys.” The HA surface improves the fixation of
implants by the growth of bone into the coating, forming
a mechanical interlock. A plasma spraying techntique has
been frequently employed for the coating process of
HA.}® However, this high temperature method results in
some . of significant problems like a poor
coating-substrate adherence'®, lack of uniformity of the
coating in terms of morphology and crystallinity'™ '2,
that affect the long-term performance and lifetime of the
implants, Other techniques are also available such as:

2675

sintering, chemical vapor deposition, sol-gel deposition,
ion implanting, laser deposition and -electrochemical
process like electrophoretic deposition,
electrocrystallization and anode oxidation. Despite of all
the investigations carried out, the produced coatings can
suffer from at least one of the following problems: Lack
of coating adherence to the substrate, poor structure
integrity and non-stoichiometric composition of the
coatings.”

HA is the tnost thermodynamically stable phase
among the calcium phosphate compounds. Other cal-
cium phosphate compounds are readily transformed into
HA in the presence of some solutions at relatively low
temperatures (below 100° C). The hydrothermal reaction
of calcium hydrogen phosphate dihydrate (CaHPO,-
2H,0; DCPD) to HA is relatively easy when it occurs in
a solution.'*"® Moreover, the transformation into HA is
accelerated by the supply of Ca¥ and PO at the
stoichiometric ratio of Ca/P=1.67 in HA. For example,
the chemical reaction of DCPD and calcium hydroxide
{Ca{OH),) occurs in a liquid phase as follows:

6CaHPQ, 2H,0 + 4Ca(OH)2 —
Cao(PO.)s(OH); + 18H,0 --- (1)

This chemical reaction progresses at low temperatures
(typically less than 80°C)."” The only products of the
above reaction are HA and water.

Hydrothermal hot-pressing (HHP) method is a
possible processing route for producing a ceramic body
at relatively low temperatures.'™ ' The compression of
samples under hydrothermal conditions accelerates



