Transactions of the Materials Research Sociery of Japan 29[6] 2675-2678 (2004)

Novel Techniques of Hydroxyapatite Coating on Titanium
Utilizing Hydrothermal Hot-pressing

Takamasa Onoki, Kazuyuki Hosoi* and Toshiyuki Hashida
Fracture Research Institute, Tohoku University, 01 Aoba, Aramaki, Aoba-ku, Sendai, 980-8579, Japan,
Fax: 81-22-217-4311, e-mail: onoki@rift. mech.tohoku ac.jp
*Shiraishi Kogyo Kaisha Ltd., 4-78 Motohamacho, Amagasaki, 660-0085, Japan.
Fax: 81-6-6417-4832, e-mail: hosoi@kogyo.shiraishi.co.jp

Solidification of hydroxyapatite (HA) and its coating on titanium (Ti) rod was achieved 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 calcium
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/Ti
interface. Especially, the alkali solution treatment could improve the fracture properties of
the interface between HA ceramics coating and Ti rod.
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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 hurnan
body, a fibrous tissue capsules the implant isolating from
the surrounding bone forms.

Some biocactive 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
propetties 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 alioys.” The HA surface improves the fixation of
implants by the growth of bone into the coating, forming
a mechanical interlock. A plasma spraying technique has
becn frcqucntly employed for the coating process of
HA.*® However, this high temperature method results in
some of significant Problc:ms like a poor
coating-substrate adherence'”, lack of uniformity of the
coating in terms of morphology and crystallinity'" 12,
that affect the long-term performance and lifetime of thc
implants. Other techniques are also available such as:
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sintering, chemical vapor deposition, sol-gel deposition,
ton 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
mtcgnty and non-stoichiometric composition of the
coatings."

HA is the most 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 (CaHPOQ,-
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), —

Cap(PO4)s(OH), + 18H0 - (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 producmg a ceramic body
at relatively low temperatures.”® " The compression of
samples under hydrothermal conditions accelerates
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densification of inorganic materials. It is known that the
water of crystallization in DCPD is slowly lost below
100° C. If the released water can be utilized as a reaction
solvent during the HHP treatment, it is to be expected
that the joining HA to metal can be achieved
simultaneously under the hydrothermal condition, in
addition to the synthesis and solidification of HA.*

This paper describes a new technique of coating HA
ceramics to Ti by using the HHP method.

2. EXPERIMENTAL PROCEDURE
2.1 Sample preparation

A commercially available pure Ti rod (99.5%; .

Nilaco, Japan), 1.5mm in diameter, was used in this
experiment. The Ti rod was cut into a length of
approximately 18mm. The rods were cleaned in
deionized water and acetone by using an ultrasonic
cleaner. Ti surfaces were finished using 1500# emery
paper. After the surface finish with emery paper, the tita-
nium rods were washed again by deionized water, and
then dried in air. Recently, it has been reported that if
the. Ti and its alloys surface is treated with sodium
hydroxide (NaOH) solution it obtains the ability of
joining HA directly by a biomimetic method.2' In order
to investigate the effects of alkali solution treatment, the
Ti rods were treated with alkali solution (5M NaOH).
The conditions of a NaOH solution hydrothermal
treatment were conducted at 150°C for 2h. After the
hydrothermal treatments, the Ti rods were washed by
deionized water, and then dried in air. 2 kinds of Ti rods
were prepared, whether with the alkali solution treatment
or without the treatment.

DCPD used as a starting powder was prepared by
mixing 1.0A{ calcium nitrate solution (99.0%,;
Ca(NO); * 4H,0, KANTO CHEMICAL CO., INC.,
Japan) and 1.0M diammonium hydrogen phosphate
solution (98.5%; (NH,),HPO, ; KANTO CHEMICAL
CO., INC., Japan). The mixing was carried out at a room
temperature (approximately 20° C). In order to control
the value of pH, acetic acid and ammonia solution were
added. The precipitate from the mixture was filtered and
washed with deionized water and acetone. The washed
filter cake was oven-dried at 50° C for 24h, and then the
dried cake was ground to a powder. The synthetic
DCPD and calcium hydroxide (95.0%,; Ca(OH), ;
KANTO CHEMICAL CO., INC., Japan) were mixed in
a mortar for 30min with a Ca/P ratio of 1.67.

2.2 Autoclave for HHP treatment

The autoclave made of stainless steel (SUS304) has a
pistons-cylinder structure with an inside diameter of
20mm, as shown in Fig.1. The pistons possess escape
space for hydrothermal solution squeezed from the
sample, and this space regulates the appropriate hydro-
thermal conditions in the sample. A grand packing of
polytetrafluoroethylene (PTFE) is placed between a cast
rod and push rod. The PTFE was used to prevent leakage
of the hydrothermal solutions,

A presswre of 40MPa was applied to the sample
through the push rods from the top and bottom at a room
temperature. After the initial loading the autoclave was
heated up to 150°C at heating rate of 10° C/min, and
then the temperature was kept constant for 3hours. The

autoclave was heated with a sheath-type heater. The
axial pressure was kept at 40MPa during the HHP
treatment. After the HHP treatment, the autoclave was
naturally cooled to a room temperature, and the sample
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removed from the autoclave.

A Ti rod and the powder mixture of DCPD and
Ca(OH); were placed into the middle of the autoclave
simultanecusly. The configuration is shown in Fig.2. The
mixed powder of DCPD and Ca{OH), were located
between separators, The separators were made of PTFE
membranes. A Ti rod was located between 2 pieces of
stainless steel (8US304) disks as shown in Fig.2. SUS
disks which could not be bonded to HA ceramics by
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HHP method were made semicircle shape in order to
keep appropriate space for a Ti rod and the HA starting
powder. Thickness of the SUS disks was 2mm. Upper
and lower sides spaces of separators were filled with
pressure media which was aluminum oxide powder
(3.0um; BUEHLER LTD., USA). The separators were
used to reduce the mixing of aluminum oxide powder
and HA starting powder.

2.3 Coating Strength evaluation
Pull out tests were conducted in order to evaliuate
bonding strength of the HA ceramics coating. The detail

of pull out tests is drawn in Fig.3. The HA coated .

samples were fixed to the test jigs by epoxy resin
(Araldite; CHIBA-GEIGY). And then the part of HA
coating without attaching to the jig was removed with a
knife and a grinder. The specimens were loaded at a
cross-head speed of 0.5mm/min wntil the Ti rods were
pulled out entirely. Fracture behaviors were observed
and the stress-displacement curves were measured.

3. RESULTS AND DISCUSSION

As demonstrated in Fig.4, the HA ceramics could be
coated to the all surface of Ti rods at the low temperature
of 150° C using the above-mentioned HHP treatment.

Fig.4 Photographs of the sample of HA coating on Ti
rod.

Fig.5 shows photographs of the specimens after pull
out tests. The left parts of the specimens were fixed onto
the test jigs. The photograph of Fig.5(a) and (b} are the
specimens without the alkali solution treatment and with
treatment respectively, As shown in Fig.5(b), it can be
seen that HA coating remains on the Ti rod in contrast
with Fig.5(a). It can be noted that the fracture occurs not
at the HA/Ti interface, but in the HA. This observation
suggests that the fracture toughness of the HA/TI
interface is close to or higher than that of the HA
ceramics only.

The load-displacement curves in pull out tests are
shown in Fig.6(a) and (b) without the alkali solution
treatment and with the treatment respectively. It is seen
in Fig.6(a) that the load decreases approximately linearly
after the peak as the displacement is increased. This
observation in conjunction with Fig.5(a) suggest that the
interface between the HA and Ti rod is held just by
interfacial friction and no significant chemical bond is
expected for the interface without the alkali solution
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treatment.

On the other hand, the load-displacement curve of the
specimen treated with the alkali solution, as shown in
Fig.6(b), shows the different tendency where the load
temporarily increases after the peak. The results of
Fig.6(b) and fracture surface observation imply that
there is a chemical bond between the HA and Ti rod. As
described previously, the crack propagation took place in
the HA, not along the interface. The deviation and
kinking of the crack path from the interface may induce
an additional frictional resistance to the crack
propagation in the pull-out test. This may explain the
second peak in the load-displacement curve shows in
Fig.6(b).

(a) Without the alkali solutton treatment.

(b) With the alkali solution treatment.

Fig.5 photographs of the samples after pull out tests,
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Fig.6 The stress-displacement curves of pull out tests.
In order to evaluate the effects of the alkali solution
treatment quantitatively, the shear strength and fracture
energy were calculated from the results of pull out tests,
and are plotted in Fig.7. The shear strength, 7 is
computed based on the following equation:

= Pmax @)
mdL

where d is the diameter of Ti rods(1.5mm), L is the fixed

length of Ti rods, P is load, Ppg, is the maximum value .

of P. Tis estimated to be 1.5MPa for the specimen
without the alkali solution treatment and 3.0MPa for the
treated specimen, respectively. The averaged shear
strength over the embedment length L maybe taken as a
fracture property of initiation. The alkali solution
treatment improved the initiation resistance two times
more than the non-treated condition. The fracture energy
G is calculated using the following equation:

A
G=—" (4=[Pac) -

where x is the displacement of cross-head. G is
estimated 4.0Nmm™’ for the specimen without the alkali
solution treatment and 11.9Nmm™ for the treated
specimen, respectively. It was shown three times
improvement. It is seen that the alkali solution treatment
on Ti rods allows us to improve the interfacial fracture

property.

1 without alkali treatment
With alkali treatment

Fracture snergy, G/ N-mm™

Shear stress, T / MPa

Shoar stre Fracturs snergy
Fig.7 Shear fracture stress and fracture energy
calculated from pull out tests.

While further development is needed to improve the
fracture property of the solidified HA, the HHP
treatment may have the advantage over the
plasma-spraying technique in the preparation of
thermodynamically stable HA. The above results
demonstrate the usefulness of the HHP method for
coating HA on Ti in order to produce a bicactive layer in
biomaterials.

4, CONCLUSIONS
In this paper, it was demonstrated that HA ceramics

could be coated to Ti rods using a hydrethermal
hot-pressing method at the low temperature as well as
150° C. Especially for the sample treated with alkali
solution, the pull out tests conducted on the HA coating
sample revealed that fracture occurred not along the
interface but in the HA ceramics. The fracture property
of the HA/Ti interface was also suggested to be close to
or higher than that of the HA ceramics. Investigation of
the bonding mechanism and in vivo tests of the HA
coating samples are in progress.
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Solidification of hydroxyapatite (HA) and its bonding with titanium (Ti) was achieved si-
multaneously by using a hydrothermal hot-pressing method at the low temperature as low as
150C. A mixture of calcium hydrogen phosphate dehydrate(DCPD) 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
(X.=0.30 MPam'?).

Depth profile of the chemical composition determined by glow discharge optical emission
spectroscopy (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 lpum. It seemed that this reaction layer provided the

bonding HA/T1 for absorbing the misfit between HA and Ti.
Key words: Hydrothermal hot-pressing, Bonding, Diffusion

iI. 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 HA, bioglass and
glass ceramics can directly bond to Imng bone when
used as bone replacement materials.? HLA 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 titanjum 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 technique has been ﬁrequcntly
employed for the coating process of HA.®® However,
this high temperature method results in some of signifi-
cant problems like 2 poor coatmg-substrate adherence'®,
lack of uniformity of the coating in terms of morphology
and crystallinity’ ', that affect the long-term
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performance and lifetime of the implants, Other
techniques are also available such as: sintering, chemical
vapor deposition, sol-gel deposition, ion implanting,
laser deposition and electrochemical process like
electrophoretic  deposition, electrocrystallization and
anode oxidaticn. 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 mte§nty and non-stoichiometric
composmon of the coatings.

HA is the most thermodynamically stable phase
among the calcium phosphate compounds. Other calcium
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 (CaHPQ, -
21,0; 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:

6CaHPO,* 2H,0 + 4Ca(OH), —
Cajo(PO4)(CH), + IBH,O (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
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possible processing route for producing a ceramic body
at relatively low temperatures™® ', The compression of
samples under hydrothermal conditions accelerates
densification of inorganic materials. It is known that the
water of crystallization in DCPD is slowly lost below
100° C. If the released water can be utilized as a reaction
solvent during the HHP treatment, it is to be expected
that the joining HA to metal can be achieved
simultaneously under the hydrothermal condition, in
addition to the synthesis and solidification of HA.*®

This paper describes a new technique of bonding HA
ceramics and Ti by using the HHP method and the
interface properties between HA ceramics and Ti.

2. EXPERIMENNTAL PROCEDURES

2.1 Sample preparetion

Firstly DCPD used as a starting powder was prepared
by mixing 1.0M calcium nitrate solution (Ca(NO);*
4H,0; KANTO CHEMICAL CO., INC,, 959.0%) and
1.0M diammonium hydrogen phosphate solution
((NH,);HPO, ; KANTO CHEMICAL CO., INC.,, 98.5%).
The ‘mixing was carried out at & room temperature
(approximately 20°C). In order to control the value of pH,
acetic acid and ammonia solution were added fitly. The
precipitate from the mixture was filtered and washed with
deionized water and acetone. The washed filter cake was
oven-dried at 50°C for 24h, and then the dried cake was
ground 1o a powder.

A commercially available pure Ti rod, 20mm in
diameter, was used as a bioinert material. The Ti rod was
cut into disks with a thickness of 10mm. And the disks
were cleaned in deionized water and acetone by using
ultrasonic cleaner. Ti surfaces were treated by two
different methods : the Ti surfaces were finished using
1500% emery paper. After emery paper finish, the tita-
nium disks were washed by deionized water, and then
dried in air. Synthetic DCPD and calcium hydroxide
(Ca(OH), ; KANTO CHEMICAL CO., INC., 95.0%)
wete mixed in a mortar for 30min with a Ca/P ratio of
1.67. The powder mixture and Ti disks were placed into
the middle of the auntoclave simultaneously, as shown in
Fig.1. :

The awtoclave which was made of stainless steel
(SUS304) 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 hydro-
thermal conditions in the sample. A grand packing made
of polytetrafluoroethylene (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.

A pressure of 40MPa was applied to the sample
through the loading rods from the top and bottom at room
temperature. The pressure was kept 40MPa automatically
in all stage, After the loading the autoclave was heated up
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.

Thermocouple
Heat < 2
eater -
O -2~ DCPD+Ca(OH)y
Titanium @)
disk ; O
0
c d - Space for
ast ro @ @ water retreat
2
Push rod ————1— PTFE )
ﬁ grand packing

Fig.1 The schematic ilustration of the autoclave for
Hydrothermal Hot-Pressing(HHP).
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Fig.2 The indication of the temperature, shrinking
behavior and pressure during HHP treatment.,

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:

V=£’-1@x100 )

where A, is initial sample height, and Ak is the relative
displacement during the heating process.

The typical example of temperature and pressure
record is shown in Fig.2, along with volume ratio data. It
is seen that the shrinkage started at approximately 90° C.
This temperature is close to the dehydration temperature
of DCPD. Thus, it is thought that the shrinkage is
initiated by the dehydration of DCPD. The shrinkage rate
became larger with the increasing temperature, and then
the shrinkape rate became smaller. The shrinkage
continued during the HHP treatment, The pressure was
held at 40MPa constant for the whole period of HHP
treatment.
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2.2 Evaluation method
3-point bending tests were conducted to obtain an
estimate of the fracture toughness for the HA/TI interface.
Core-based specimens were used for the fracture
toughness tests and a pre-crack was introduced along the
HA/Ti interface of the bonded specimens, following the
ISRM suggested method . The stress intensity factor K

was used to evaluate of the bonding strength of the HA/TI.

The critical stress intensity factor is used in order to
evaluate the fracture toughness for the HA/Ti interface. K
is expressed as follows:

Sy, F
K =0.25 BJY‘F (3)

where D is the diameter of the specimen 20mm, § is
supporting span = 3.33D, F is load, Y, is dimensionless
stress intensity factor. The value of ¥, is a function of the
relative length, &/D. ¥’ was used to calculate the stress
intensity factor ',

D(=20mm}
A
Y
10mm a(=5mm)
= BRI W
S(=3.33D) Pre-crack
@
Leoad:F HAp.
/ D(=20mm)
‘ ]
A
a{=5mm)

~N Pre-crack

S(=3.330)
Fig.3 Schematic illustrations of 3-point bending test.

The configuration of the core-based specimen is shown
in Fig.3(a) schematically. The steel-rods were attached to
HA/Ti body using epoxy resin in order to prepare
standard core specimens required for the [SRM sugpested
methoed. It should be mention here that the formula given
in equation(3) is derived under the assumption of
isotropic and uniformed materials. The jointed specimen
used in this study for 3-point bending test composed 2 or
3 kinds of materials and is in a homogeneous beam.
While exact anisotropic solution is needed for
quantitative evaluation of the critical stress intensity
factor, the isotropic solution in equation(3) is used to
obtain and estimate of the fracture toughness for the HA
and HA/Ti in this study. The specimens configurations
shown in Fig.3 were used in order to examine the fracture
behavior for the HA/Ti bonding body. The pre-crack was
induced at the HA/Ti interface. The width of precrack
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was less than 50pm. In case of 3-point bending tests
specimens of HA ceramics only, a pre-crack was
introduced in the center of HA ceramics as shown in
Fig.3(b). The pre-crack was located the center position
between two supporting points. The specimens were
loaded until & fast fracture took place at a cross-head
speed of 1mm/min.

2.3 Interface properties
In order to investigate the construction near the
interface between HA ceramics and Ti disk, the bonding
bodies were applied to analyses of glow discharge optical
emission  $pectroscopy  (GD-OES: JOBIN-YVON
HORIBA, TY-500RF). 1t is known that GD-QES analysis
have features include are relatively simple experimental
setup without the ultra-high vacuum technology, virtnally
no sample preparation, high speed of the analysis and the
ability to analyze quantitative depth profiles of minor
elements, with applications to diffusion phenomena in

thin films or bulk materials®*.

3. RESULTS AND DISCUSSION

As demonstrated in Fig.4, the HA ceramics could be
bonded to the Ti disks at the low temperature of 150°C
using the above-mentioned HHP treatment, X-ray
diffraction analysis had showed that the DCPD and
Ca(OH), powder materials were completely transformed
into HA by the HHP treatment already™,

Fig.4 Photograph of the jointed body of
HA ceramics and Ti.

Fig.5 shows a photograph of the fracture surface in the
bonded HA/Tt body after 3-point bending test. It can be
noted that the crack initiated from the pre-crack tip and
propagated not along the HA/TI interface, but into the HA.
This observation sugpests that the fracture toughness of
the HA/Ti interface is close to or higher than that of the
HA ceramics onf]zy. The critical stress intensity factor X
was 0.30MPam'” for the HA ceramics, and 0.28MPam"
for the bonded HA/Ti. The toughness data are the average
value obtained from at least five specimens. The X, value
for the bonded HA/Ti body gives a slightly lower value
than that of the HA ceramics only. The difference in X,
data is potentially due to the residual stress induced by
the thermal expansion mismatch between HA and Ti. The
fracture appearance in Fig.5 may suggest that the
interface toughness should be equal or higher than that of
the HA ceramnics only,
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Fig.5 Photograph of fracture surface after 3-point bending
test.

As shown in Fig.6, Depth profile of the chemical
composition of Ti, Ca and O 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 approximate ljum. Moreover, it was
shown the elements of Ti and Ca were exchanged
alternatively in HA. ceramics, It seemed that the reaction
layer and diffusion provided the bonding HA/TI for
absorbing the misfit between HA and Ti.

Diffusion
Hydroxyapatite ; layer Ti
T hd T v L}
100
80 L
Tl
- 4]
£ wof 3
k=
b4
a
E 40 F -
3 Ca }
Ti R
[ i =
1 1 A 1 A
14 20 21 n 2 24

Depth / tfm

Fig.6 GD-QES analysis of the interface between
the HA ceramics and Ti.

While further development is needed to improve the
fracture property of the solidified HA, the HHP treatment
may have the advantage over the plasma-spraying
technique in the preparation of thermodynamically stable
HA. The above results demonstrate the usefulness of the
HHP method for bonding HA and Ti in order to produce a
bioactive layer in biomaterials.

4, CONCLUSIONS :

In this paper, it was demonstrated that HA could be
bonded to Ti using a hydrothermal hot-pressing methed at
the low temperature of 150" C. The fracture toughness
tests conducted on the bonded HA/Ti body revealed that

the crack propagation from the pre-crack tip occurred not
along the interface, but into the HA ceramics, The
fracture toughness of the HA/Ti interface was also
suggested to be close to or higher than that of the HA
ceramics. This derived from the interface properties
which HA and Ti changed the gradient within 1pum and
which Ti and Ca were exchanged alternatively in HA
ceramics.

ACKNOWLEDGEMENTS

This study was supported in part by the Japan Ministry
of Health, Labour and Welfare under Grants-in Aid for
Research on Advanced Medical Technology. Author
T.O. was supported by research fellowship of the Japan
society for the promotion of sé¢ience for young scientists.
Thanks are due to Mr. T. Nakamura of Horiba Company,
Tokyo, Japan, for provision of time on a JY-500RF
GD-OES instrument.

5. REFERENCES

(1) M. Long and H. J. Rack, Biomaterials, 19, 1621
(1998).

(2) L.L.Hench,J 4Am. Ceram. Soc. 81, 1705 (1998).

(3) M. Jarcho, J. F. Kay, K. I. Gummaer, R. H. Doremus
and H. P. Drobeck, J. Bioengng. 1,79 (1977).

(49 H. Aoki, “In Medical Applications of
Hydroxyapatite”, Ishiyaku Euro-America, Tokyo,
Japan (1994), pp. 133- 154,

(5) J. G I. Peelen, B. V. Rejda and K. De Groot,
Ceramurgia Int. 4,71 (1978).

(6) L.L.Hench, J Am. Ceram. Soc. 74, 1487 (1991).

(7) P. Ducheyne, L. L. Hench, A. Kagan, M. Martens, A.
Burssens and J. C. Mulier, J. Biomed. Mater. Res. 14,
225 (1980).

{(8) S. R. Radin and P. Ducheyne, J Mater. Sci. Mater.

. Med. 3,33 (1992).

(9) K. De Groot, R. Geesink, C. P. A. T. Klein and P.
Serekian, J. Biomed. Mater. Res. 21,1375 (1987).

(10} X. Zheng, M. Huang and C, Ding, Biomaterials 21,
841 (2000)

(11) H. C. Gledhil, LG Tumer and C. Doyle,
Biomaterials 22,695 (2001).

(12) F. Fazan and P. M. Marquis, J. Mater. Sci. Mater,
Med. 11, 787 (2000).

(13) K. A. Thomas, Orthopaedics 17, 267 (1994).

(14) E. E. Berry, J. Inorg. Nucl. Chem. 29, 317 (1967).

(15) A. Atkinson, P, A. Bradford and I. P. Selemes, J.
Appl. Chem. Biotechnol. 23, 517 {1978).

(16) H. Monma and T. Kamiya, J. Mater. Sci. 22, 4247
(1987).

(17) T. Matsuno and M. Keishi, Shikizai 65, 238 (1992).

(18) N. Yamasaki, K. Yanagisawa, M. Nishioka and S.
Kanahara, J. Mater. Sci, Lett. 5,355 (1986).

(19) N. Yamasaki, T. Kai, M. Nishioka, K. Yanagisawa
and K. loku, J. Mater. Sci. Lett. 9, 1150 (1990).

(20) K. Hosoi, T. Hashida, H. Takahashi, N, Yamasali
and T. Korenaga, J. dm. Ceram. Soc. 79, 2771
(1996). ’

(21) T. Hashida, Int. J. Rock Mech. Min. Sci. Geomech.
Abstr. 30, 61 (1993).

(22) Z. Weiss and K. Marshall, Thin Solid Films,
308-309, 382 (1997).

(Received Novernber 30, 2003; Accepled February 29, 2004)



JbHEIEEZE 25 1 330-338, 2004.

R ZE

RAETAMEE B X OB a it & Flvwi
A 75 v MEBBETROF ¥ OG5

NEF frAE? KB #4Y
2P IR AEHE
Mm% ERY

Bl ey BE O EE?
py || R =+ -1
FRE D HE R

P OB IBBACTIrMIoWTR, InEITECAS Y77y FVEEEROAKFNERCA 277 FREC
¥ 2EFRMTFHRE (SEM) 2BV AFRSZIATV S, EEARGR TR, $EFEAMYEORRAS
OEERRTHLA YU AOBEANRESNTHEY, Fry¥d 73 PZHALTORBRBOERED
SIILEE AL SR TV, BIFRICBWCHE, BREFY I Y77 2 VEEEEROF S o5 e Y
YL, SEMIZX 2 EHWEE, SSTMNRBIMA, EERXHESITHME (XSAM) BLURESLIMER
(ICP) #BWTHIEL:. FRELT, FETHEFLBLELA A X7 F7 2 P BIUCORAREICML, bkt
BHi LAFETHER LA Y75 FBEUPFORABERTAVA. 4177 FRAEBCHELTE S5 71 78
HBUBEHGENCRET L EL, S5 74y 7Oy e XSAM I TaR Lz, £/, BEASO—ILE
BL, ICPE2EWTFY Y 2ERMITITF LA A7 MIDoWTH SEMEER Tk, Avbdf 5y
L—3 3 AT THEHICEE LS 75 > FoREICE, TSENSESERIBE SR HERITt v
AL vF L2 a R EELBMLAA Y75 FORRMEE, KERoORARERSEERICEES
h, —ERIHHESENROO R, XSAM R HVWAREXBHINCT, A 77 - FRABEBIRTROF & 9t
ME SR ICPICE B ERMSITTA ¥ 77 » FEBMASICIE, 3 ~30ppn BEDCF & YA sz, —&8o
Ay 73 CSEMBEICLhF ¥ roRBARD . DEOSERL 6, SEMALHEFEMREIZMA
XSAM BLUICPIZ L2357 S L, ARRASOF 7 v OPfieEREUEELL, Wl 7% » FHER
HMBOLVHALBINCEDTH S I EARBRE NI,

X—0— KA S5 b, EARXMSITERE, BXTEMN, FFY, Fobd LT SL—aY

#

Brinematk it L 24 v kA A »F XL~ a DO
FEVHEY, wbWwat v kd Ly F S L—Fy KL TS
¥ M, WFRBCHT A 2HRLEO—E T KE LTEL
ERLTETWD. BRI, BERE~OFYILA>
TS5 ¥ FOFHII DV TR0EN EORIMIZH -5 BiTR
FisRELATEHY, RETIIRSET R EME

]

FREIZALTHEREGEFRESA TV, L
L. EnFRICETL2BEL LI o hORETH
RFA LTIV arBBohEh ol Vit
AEECEELALWIBHRTHME AT S A
Y POV TORFELHE( L ENRTWAESY,

WAE, BRI EWT, FF YOS L—- &
SREBEEHHETHCRICBAS LB S48 T
HHAFO—LANRELRVY, FORBELTI Ly

T060-8586 ALIRMILEILIZSAE T TH
bR R RS v ¥ — s R

Heilp iR FAF R AR DI O e Bl A =

Yl REREN SR Ly - OERWH

S BE R R AR O R e O SRS R =

S AP RS F R R P R

KA A BB R O R R I (P TR

S A A R AR e R O R S O R AR P

T003-8585 ALMEATEHRERIIEI &I TH
SEALVE AR OREEL
[ZfF: PARIGEG R 7H] 58 FERI6E T A12AH]

—172—



WA v 75 FEBRERSROF ¥ 05 331

FA YOI D ERBRAEGM A OO RE L E
RENLDE/A v OBFEELR EFEZ R TVAIND,
BEEGPEMAF I3, TUAF 222077 —Y0OR
BILLARELECEETATRENSS, 4, F5 >
FFF AL WAL RBERRE T B E O M
DF & YIBERT VI REY e, BIEAERIIBY
TA 777 MR EBREIF 7 A shribw
SBELRENRTVAWE, Foy L rTF s biow
Tit, ¥EARERTERISRIEEHELERLEY, 7
Ly T4 i bOBEGREODEARL VLD LEL
DA, FRBRECBYIERSOREDTHEIITE
TEFTE, PHTRIINAIO— L ADHEL L SNT
WAEM DL EdG, FrIAML LTIV MO
Wt b, AEESTOEROFNPLELEI GRS, L
L, AT PIOVTOREDE LRSI TS
Y MoHt 2 SEM BB F 0 B EAMSIC M A HSen
BETHNY, BFReA 707+ 544 (EPMA) %
X#g=zA 207+ 5 4%~ (EDX) £Hw - ani:
A 75 P REBASOEEOSTIET ARSI,
b\ls-lﬂ).
BARAZE~OF 5 » OFHPBERIZ W T OSFIE, 1#
BELTWAEFYILA 7T MIBWTRERTSHA.
KETH, BAORERATHM IR Ty INL TS5
FHIUEFORMAMSENZ E LT, SEM I
BREFEICNA, BREARTOEE2ST T2 B80T,
EPMA £ EDX I8 L TRILE + LE &9 HEL IR
AMEETH N AEDRHORBIIENTHHEEIZLRTY
BEEBNHTIHME SAMP 2 RWTF 7 05
FrERMIIANT A E L LIS, RESESIT (ICP) %
BWwTHF & yOERNTIRTITo 7.
M EE&E

1. B4 73> bionT
SHOREEACRELR1IRT. EMEOMEREL
BT A TS PIROET, 4412 KFHE
HEVEEZI T v AL Y F L= g YABLRL
Mot HiIlRE a7 THY, SARITEER
#BA Ty BRIV v EF A v F L5
ARELBOBSAZOOTHD, od, KFERENK
FREEEEHRH - HEHRREERERORIEZTHTS
h, BEORERELETTbRE,

2. MEHEILOWT

B ashl4 77 P BLUABMAERI0% MR
< VICTBEER, 177 FEEAHEBEET gL, K
FToMELRT-7.

1) BEASYHRE

A¥ 75y P EBABIEI O GEL, —BidEEc i
VS 7 4 v AERTY, REARFEIIBRELL.

2) XSAM 2 L 5 54
ARBEONNT 7Ty 7y rxrEE LT, XSAM
(XGT-2000v $BIGBLERT, B4R THWT, #5 »,
HAYIA, AFTOERFOEMIBIFAFT2iTo
7o el XBHHE (XGT) i3, 10 mBE0L0EER
L7z WEAATI330008 /Mo C25mAIT L, Ao T
ES0BOMELITo 2.

3) ICP 2 & 2540

GEILIA 77 PEABEBO—F T INIERP T
Brfa B, WL ICP BT E (P-4010 HYRME
B, BE) Ik h, FyroEanaitEiTor.

4) SEM §ize

473 M2k s LT, SEM (S-4000 { 3 RMERT,
WE) Ay TRACHIKEREL L.

5 S

1. FHESZEMNRERECOWT

FokFdALrF - a ARUETIEE SRI-ES
(Case 1) oA ¥ 75 FIHARIE, REFARS LT
Fofbh MEML S OCAERS GBI, —8z
F0mBEoREoRKOYEIEESAL (B1 -
a)., —H, MBLRHES 77y PEAKIEIDS v &
FA T —a yHARELEHSHES (Case 75
LU8) A ¥ I v+ FEAEARIC L, MRAETER S HEA
WEBOBIRME L LI v Bk E PR RS
EMIEOWEL Lo REFRRPESOR: (M1 -b,
c). A7 FPOBIZIZL DIBEE SN HER (Case 4)
DA77 EHAICIE, BRSEERGIEDGN,
—HitA r 7y MERLERTEERFHE S (]
1—d).

2. XSAMIZX B0 nwT

XSAM £ FWT A L » 75 » FERAE T H
4, Fy yORARICEREEIRA (E2). B2

F=1 IEREFAORE

[Case Noif Lo/ 70 b OB [PER)| SRILSY M | AR | MFzR6T | MHORRA
L P S 2% F At

gt S f k2 56 78R - - e OTRY
EA L LS AT

A7 a—Fwi otk 56 LER:] —a L BFAT
LRS- S S 4%

IFo—F=wy it 56 73 A - —yrenRag
AdF audry k-4 &0 IE: + PPEL Yt ™Y
L e A2 T aa g a

ST T A ot 45 ¥ N: - —LesnFRD
87 AT A it a5 64 + AT FARR
ITI i 48 54 + PPz LAy 1.
B TN ik 55 2 + AT MER
JFv—FFAL7 ¥ 49 5% + TP P MAR

*Case Nol-3 i3, A—MEMLREMENL

—173—



32 # o

,}:ﬁf .%;&'
DGR T Y e TR YIANT L e

1 A 77 BRSO ARER

®oE @k

1—a:Cael®d 73y BARAS BEoRROREEC kML MERRCAREF AR CE TS SRS Hha.

HE ¥:65. [F[E100HE.

1—b :Case8 A X735 ERAS. RS GHRTCHED) P ARERFEOLR 5. HE R, FRI1004.
l—c :Case7 479 FMERMALE. EEOBROMHHEICIR L TEMET 2 HEEENIEO 605, HE R, FEI00f.
1—d :Cased £ 75> FERME AFASHICTHMIEESRE. HER®E, FHI00HE.

=2 WA 7Sy PEABMBOICP BLUXSAMIIZE S

SHER
Cast No| R E&(mg) | Ti 24 Rippm) | XSAM T Ti DHEH

1 15.0 30.0 +
2 21.9 15.5 *
3 24.0 5.4 *
4 10.2 10.1 +
5 21.0 3.8 *
6 46.1 17.0 +
7 10.1 201 +
8 26.2 5.0/ +
9 60.0 22.01 +

* 1 XSAM THHTHET

XSAM IZ X 2T L SO E0—HE25RT. b,
d, fOARZ MIIE, a, ¢, eDEFTRLAAILE
TEEAXBMANY PLTHL, M2—ald, Case 7D A
Y77 v FEEASOF Y yOESETH Y, HEIFS
PAMHEN, B2 —biZ, FEYOmFTERT. 4

OREEICEBRLF Y Y OBEEFLVWEIERLA. ®2
—ctd, Case8DA 75 FEBHMEDF ¥ > OEAH
Thad, WRINPLBVEETHY), A5HIIEVTY
HwEirLA (K2 —d). EfEoaficsvwtil
BhdBo b/ Case 404 75 FEBEEAB TR, F
Fre&bizhrniy aREmcgEEEn (B2 —e,
f).

3. ICPILLBF % OERMTH
E2ICICPRESIERIILIBF ¥ v OEEHSNEE
TE2RT. HRELATRTOAL 752 FEARART
3.8~30.Cppm D F F rAREH sz,

4. SEMEIE Iz OoWT

E3—aid, dvedLrFrL—vardpfalLn
Mol A4 PAEICHEH SN ER (Case 1) DA
YT OAFVORETHY, ERO-—-MICRIEELEH
BReh A7 PEABROLDY v AL 7
L—ia»®RELIEBENS AL 75 2 Tk, #EO
D=7 4 Y IOFHELHESNEBEENT. Case8 DA 0T
FyRME, N FOFLTFNRYAL T IRXTEFSNRT

—174—



Bl A v 77 v FOEARST O F ¥ > OB 333

15000 ————r—T——— T
i Ti ]
E;IOOOOT ]
§ . 1 :
& 5000 ]
i ]
0 h! S '(Rh') - 1 . I i 1 1
2 3 4 5 6 7
Energy (keV) b
800 T T T T T T T o T - T
~ 600
=
&
£400
5
£

200

60000 T T T T T T T T T y .

[ | Ti ]

50000 J

3 40000 ]

230000 ]

£ 20000¢ ca _-

10000}- U\ A

[ J

LS & N
Energy (keV) f

(2 e 77 FEEEEO SXAMIZ L L0547

92— a2 Case T4¥73 AL OM: /83 74 » 70y 2 REGFI, Tii XSAM X 5F 9 Y OMHGH. RO RES
hi-+&

2—h 2 —akEMOGARN. FF L OEEIWIV.

9— ¢ Case 8§ 475y FEMAL. OM: 5T 74 70y 2 RETN, TiiXSAM I 5F & L OMmAH. WRIZEERL P
WO EOENIB IS,

9 —d 22— EZTHOATI. FF OB, 2 -bIhBELFEL .

92— p Cased A 7T FEMEREE Cal XSAMIZLAH LI YA LAEAH. Ti i XSAMIZLSFF ¥ OWGHT.

92— f 10— e KEHIMOLESH, F¥rEALLTLOMBMEIE,

—175—



KXT) i1l

WS, EMOI—=F 1 X ShTwioanS FoFd 7o
FA4MIESLRT, BHTHEFF HHFLELTED,
AT POTEHIZRMEEE L LR ABHMSRB LR
7= ([A3—b, c). Case TH4 73 NERIZIZF#
PTG EXTERERT WA, F5rO—ROMM - B
OSSR (3 ~d). E3—eld, Case 41 >
T3 VORZIVOEHTHL, 3 —a RN A 7

b2

o

'™

»PTHRLY, BMARTELTEALTEY, 1750
DN TERMICE, BIZeRicsiiolShiEssn
7:.

v
F

£ =

1. XSAMBIUICP 2 AW/ il 4 > 75+ FEEA
BOFF rOFATII DN T

AT Z 2 b SEMIE

3—alCuse 1477 ARVEROT ¥ »y0F BN
2HLNG,

3-b:iCase 84750, FEDNSFOFTFiisAg
PI-F A RIS, BHEBOTY (%
) AR bhils,

J—c¢iCase 8470, KECHREOERATENL A
3.

3—d:Cuse TA TS5y b, ToXTHEHENEFy 0D
E (K HEHLIE,

3—e (Cose 44 7T 0 b, AATEMIBED LD
HZ R (I



WA 77 BB OF 5 O 335

A 75y FREEROF S roFICET 30
227 vs, Arys et al. it, XPS 3 X UFEPMA 2 AT # »
ATV a R L e o iIlibE N
RUEDF A 77y FIZOWTHRL, bTHh 1K

DA YTy VEBRESICF Y v ARBERSELTWD

H, FORBRRIILIZLOPBLABZVERBELTY
LB CKEFFEIZ BV TIE XSAM 2 W TSR L7245, 7
b g RIZHECF Y v ERE L SHEEOM0m
LS LT 2 XPS 28 um O EPMA IZH B L, XSAM id
XML FFHIBHT 2 - O REREREL, 20K
SHEFEASY e L CRET A LHTRET, RIEA
O—cF ¥ YHFEETHIIRHTEZLOLEI LR,
Ao ) =y XA AETHEIEPHLM RS
7=. F7:, EPMA S EDS I, HHOBELH C/A0I0H
ELALErLETHLA, XSAM 2 X BBz a4
HEFA~OEEIRS TL L (MECRENIRTHL
ERBHTHNY, BEMRONIEERBOSTCIEL
Tz EBbhd, KL TL Case 404 75
v FEEERT, FY0ATE, bIPRTREBO
Lo LOBEYFTETH -7, Uoetalld, T2 FET
HEcEEAEFEAL, XSAM * B L TREBA#HGD
Em/OEHRRECOVTHEMIIF L, 20ESELE
%Lfv,z)m-za)_

AFEIZB VT, XSAMZ L D Case 1 LU TOA ¥
75 v FEHEAKC, AR AR Fy OmaiTis T
Hah, AFHTHELVWEEOFF M PRREah. =
o EshLFy rid, ASHBLUEGHOEREI LR
KRS EVIIMKOF ¥ v THB I LHHEERNS. AR
ZHEREIIBVTYH, ChALOS 75y FEERASICIR
P oHEREEIERE s higt, MY, e LAgERIo
WTIt, XSAM TREHOELIFR+HT+Ha4EEX
HEERGOLDVD, FHT LI ENTHET, 74
YERETAILRTE 2D o B LR ORI
i1, L AEPMAREDXME B TH I EE L LN
2181020 F i XSAMIZTHIF LA 7TRPIEDA >
5 PEREAKCE, FRIVETREVEEDFy 4t
AT, MEBRESLIWEAF el izFF o7
b b, SHRELLIBRHPLETHST).

ICPIZ L B5H T, MLt RTOM T}
FEMAGCFy v s, BRET, 14 4L
TWwhWHRCRIROBEROF ¥ A 1+ »{ELTw
AFFVAERTETHL, D/, XSAM T AR
poF v yAHH S o BB BT, FE
OBRHEATRETH > 1z EHEF S L.

XSAM B FICP 2 X A5H0T, 4 » 77 » O,
BAMMSEEORELZLIZL 2 F 5 »oBBIzonTiE,
SRS oL REMEED LN o
7.

2. FrINA4 7Ty MBI AERTOREEIZIONT
Frandyr7rI e, EEARERTHERE NS
AT MIBLTI Ly Tt » T EORFIL L L,
HEBI PSR ORE LIS VWRITH L EF I LN
Wi, #riNMLyFIrRiBIIRAFT— Y RIIDW
T, FRRECBITAERBOREIIERLTWEY, F
FBEDRIZY, HRELLAZTIPOIEBEAEST
2y kA FRMGBEBEOEZIIA Y 2 - AnTHD,
BEEnoREO—HERZbOEELLRE, RIFRILDL
W, XSAM (22 ASHTE L UHEIFENRERIZL 0HS
e ol BRkd B iIIHRROF F i, SEMEREIC
TWAAVEROF§ v OFIBRF Y ra—F4 OB
B nECLIENREBSN, TV TI R
B AF ¥ EEBOREOTRENR IR,

3. v bA AL rFIL—Yar PRI UEELS Y
75y FEERABTOF ¥ OMEBOEEZIIOWT
Arys et al. iZF o bd A Ly F L= a Y OTHILD:
BB ENLFYINA TP ERRIIA L TF b
HE Y XPS T L, BbF 7 ORGSR ERLH
SR URAREHA~0O A ORIt vy F A T Y
L— v avOFRBEIZEFRLTWAOTR 2y EHREL
Tvi38 Olmedo et al. i3, L ENAFLINA T T
YFEETT s 7 sV F Y R AIRLTwAZ L
Y EDX THEL, ¥y yOBRIFv s 77—V EHH
L, ¥4 FAA L EDTr IHNNAT4 I F -5 EA
BAERIEL, FRISEL, vkt T L -3
OB oL M EER L TWEY, —7F, Ektessabi et
Al FoRFizFroA 73 B AL, mico
ion PIXE%*HwWwTaHL, AvtdL 755 b—1ar
MBI LA ¥ 73 oM, FIiEEETCOFS
A Gy OBEEBELD Ducheyne et al. i3, 1 X DiF
BEBILFIBIUF S EEEA T, A7
Sy rIETAREABTOFI A OB ERELT
VBE R BWTIE, A U— S AOBKREO L)
A7 VEASFICEELAMFTO o
b, XSAMIZE 2R HicBnwTHIB A > 73 > rERA
BIIF Yy ORETAFEOLNL VI LB L UYFREA
BEMRRIBWTHESR TS v EZELOALERD
B HILIRTHY, w7077 —JRIPBTHLAZ
Ledt, 475 boBHOREFBEBEASRIZ SV
THBShAF7y > EBEETL EEBERTIEZEZIC (v
BREMICBAMECEARETOFRLI DT>
AT he0FF rOBEERORESRERIIOVT,
Lipmt e et EE L2, & 612 EDX, EPMA % XPS

L EOSHIES Y ROER L REVLETH S ).

— 177 —



336

1.

B oW

i

i

Fovbkt AT b= ardBTslhdhot, 5

WIEELLE WY FEHTHRN SRS 77 FEAEA
REMTLIEIS, 308, BELLLEZONBERF
FUHBVEAFMELIEEROREF Y VRIS

AR
2,

XSAM B L FICP I, L4 75~ FEBEY

HoOFs yOERNBLUEROSRICAEDTHL I LA
=¥ (ol

1)

2

—

3)

4}

5)

6)

7)

8)

X 23

Brinemark,P.I., Hansson,B.0., AdelLR., Breine, U.,
Lindstr'om, J., Hallen,0. and Ohman,A.: Osseointegrated
dental implants in the treatment of the edentulous jaw.
Experience from a 10-year period. Scand J Plast Reconstr
Surg, 11 : 1-132, 1977.

Ekelund, J.A., Lindquist, L.W., Carlsson, G.E. and Jemt,
T.:
prospective study on Brinemark system implants over
more than 20 years. Int J Prosthedont, 16 ; 602-608,
2003.

van Steenberghe, D., Lekholm, U., Bolender, C., Folmer,
T., Henry, P., Herrmann, I, Higuchi, K, Laney, W,
Linden, U. and Astrand, P.: Applicability of osseointegrat-

Implant treatment in the edentulous mandible: a

ed oral implants in the rehabilitation of partial edentulism: a
prospective multicenter study on 558 fixtures. Int J Oral
Maxillofac Implants, 5 ; 272-281, 1990.

Haas, R,, Polak, C, Furhauser, R., Mailath-Pokomy, G.,
Dortbudak, O., and Watzek, G.: A long-term follow-up of
76 Brinemark single-tooth implants. Clin Oral Implants
Res, 13 ; 38-43, 2002.

YTOCkE, MTRZ, BANE, WIFHE, RREX
. Hydroxyapatite coated blade implant OEBEITERIC>
WT B 1H L BERE L ARENEE. HEE 38!
1102-1107, 19%4.

Takeshita, F., Ayukawa, Y., Iyama, S., Suetugy, T. and
Kido, M.: A histologic evalvation of retrieved hyd-
roxyapatite-caoted blade-form implants using scanning
electron, light, and confocal laser scanning microscopies. I
Pericdontol, 67 ; 1034-1040, 1996.

Eposito, M., Lausmaa, J., Hirsch, JM. and Thomsen, P.;
Surface analysis of failed oral titanium implants. ] Biomed
Mater Res (Appl Biomater) 48 ; 559-568, 1999.

Piatteli, A., Scarano, A., Piattelli, M., Vaia, E. and
Matarasso, S.: A microscopical evaluation of 24 retrieved
failed hollow implants. Biomaterials, 20 485-489,
1869,

O

9)

10)

11)

12)

13)

14)

15)

16}

17)

18)

19)

20)

21)

— 178 —

i34

EiSERN, AWIEA, BEER, =B M, §AER
THAZ—7 1 Y RIS &EN By B M EE
Bi. HOREAS 75 MEE, 15 216-222, 2002,
Matsuda, Y. and Yamamuro, T.. Metallosis due to ab-
normall abrasion of the femoral head in bipolar hip
prosthesis. Impalnt retrieval and analysis in six cases. Med
Prog Technol, 20 ; 185-189, 1994.

ERES  ALMHOSbEES~0ORE (Ao
YADERLEHE), [EEAELRHEIL0OEEA F
B & A~ OBR] TIESR, £BLRM
£ S ORI A F 7 B E AMENORE, 27-31,
1} FEIRI, o L, 1999.

W BRI AY7IY PRE LA EEHE, &k
NZIE, HIEHE, WEIRRE, EWEM:S ) —X,
WHES 1 WH A > 75~ b, 57-63, SEiREMEH
AT, ®E, 2000.

Jacobs, 1J., Skipor, AK., Patterson, L.M., Hallab, N.J,
Parposky, W.G., Black, I. and Galante, J.O. : Metal release
in patients who have had a primary total hip arthroplasty. J.
Bone and Joint Surg., 80-A  1447-1458, 1998,

Bessho, K., Fujimura, K. and lizuka, T.: Experimental
long-term study of titanium jons eluted from pure titanium
miniplates. J Biomed Mater Res. 29 : 901-604, 1995,
Bianco, P.D., Ducheyne, P. and Cuckler, J.M.: Systemic
titanium levels in rabbits with a titanium implant in the
absence of wear. J. Mater. Sci. Mater. Med, 8 : 525-52¢,
1997.

Jorgensen, D.S., Centeno, 1A, Mayer, M.H., Topper, MLJ.,
Nossov, P.C., Mullick, F.G. and Manson, P.N. : Biologic
response to passive dissolution of titanium craniofacial
microplates. Biomaterials. 20 © 675-682, 1999,
KHEER, BFRE, HPEA, SHEA, THMR
=, KARETR], ZBIE, MNBEE R L M
A7 P OPERBIIEELATIi &4 5 OHE,
HEIMBAARDORAS ¥ 75 > M ESEHREWRR.
145 ; 2001.

Arys, A, Philippart, C,, Dourov, N., He, Y., Le, Q.T. and
Pireaux, I.).: Analysis of titanium dental implants after
failure of osseointegration: Combined histologyical, elec-
tron microscopy, and X-ray Photoelectron Spectroscapy
Approach. J Biomed Mater Res (Appl Biomater) 43 :
300-312, 1998.

Olmedo,D., Fernandez, M. M., Guglielmotti, M.B. and
Cabrini, R.L.: Macrophages related to Dental Implant
Failure. Implant Dent.12 © 75-80, 2003.

FTREG, BAXE  ETR RGBS L 24
WA OERE. JbigEHE, 22 61-63, 2001.

Uo, M., Watari, F,, Yokoyama, A, Matsuno, H., and



22)

23)

B > 75 FEABREHBETOF Y O

Kawasaki, T.: Dissolution of nickel and tissue response
observed by X-ray scanning analytical microscopy. Bio-
materials 20 ; 747-755, 1999.

Uo, M., Watart, F., Yokoyama, A., Matsuno, H., and
Kawasaki, T.. Tissue reaction around metal implants
observed by X-ray scanning analytical microscopy. Bio-
materials 22 ; 677-685, 2001.

Uo, M., Watari, F., Yokoyama, A., Matsuno, H., and
Kawasaki, T.: Visualization and detectability of elements
rarely contained in soft tissue by X-ray scanning analytical
microscopy and electron-probe micre analysis, Bio-
materials 22 7 1787-1794, 2001.

24)

25)

26)

—179—

337

AHRIESE, JEIFE—, B {5 ERGMEXAA
rua7+ A4 F—1l L W EFRBOR OTESAES
AEEMERLE. BBl S MRE. 26 0 20-37, 1996.
Ektessabi, A.M., Ohtsuka, T., Tsuboi, Y., Yokoyama, K.,
Albrektsson, L., Sennerby, L., and Johansson, C.: Applica-
tion of micro beam pixe to detection of titanjium ion release
from dental and orthopaedic implants. Int J PIXE, 4 :
81-01, 1994,

Ducheyne, P., Willems, G., Martens, M., and Helsen, J.: In
vivo metal-ion release from porous titanium-fiber material.
J Biomed Mater Res. 18 [ 293-308, 1984.



Hokkaido I. Dent. Sci., 25 . 330-338, 2004.

ORIGINAL

Analysis of titanium in the tissue surrounding retrieved dental implants by

microscopy and emission spectrochemical analysis

Atsuro Yokoyama®), Hironobu Matsuno®, Takao Kawasaki?, Takanori Mizukoshi®,
Makoto Ishikawa®, Yasunori Totsuka®, Yoshinobu Nodasaka®,
Motohiro Uo”, Fumio Watari” and Takao Kohgo®

ABSTRACT: Previously observations by scanning electron microscope (SEM) and histological evaluations have been mainly carried out
for retrieved dental implants and the surrounding tissues. There are few studies of the analysis of metals in the tissue surrounding the
retrieved dental implants, although clinical cases of metallosis have been reported in orthopedics. This study investigated titanium in the
tissue surrounding retrieved implants by X-ray scanning analytical microscope (XSAM}) and emission spectrochemical analysis (ICP) in
addition to histolagical evaluations and observations by SEM. The retrieved dental implants and the surrounding tissue inserted at other
dental clinics than Hokkaido University Hospital were used in the experiments. The histological evaluation and analysis by XSAM were
done for the surrounding tissue. Titanium in the surrounding tissue was also analyzed quantitatively by ICP, and SEM observations were
carried out on the retrieved implants. Fibrous connective tissue was mainly observed in the tissue surrounding the implants retrieved
before prosthesis without formation of osseointegration. Non-continuous invasion of inflammatory round cells was observed in the tissue
surrounding the retrieved implants after prosthesis by the destruction of ossecintegration, while there was some bone tissue. Particles of
titanium were detected in some of the surrounding tissue by XSAM; and 3-30ppm of titanium was detected in the surrounding tissue by
ICP. Exfoliation of titanium from the inner thread of some of the implants was observed by SEM. These results sugpest that analysis by
XASM and ICP in addition to SEM and the histological evaluation are effective for the investigation of the tissue surrounding retrieved

dental implants.

Key words: Retricved dental implant, X-ray scanning analytical microscope, Emission spectrochemical analysis, Titanium,

Osseointegration
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Fabrication of Titanium Nitride/Apatite Functionally Graded Implants

by Spark Plasma Sintering
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Titanium nitride/hydroxyapatite functionally graded implant (TiN/HAP) was siccessfully fabricated by spark plasma sintering method
(SPS) and their properties were investigated. The functionally graded materials (FGM) with the concentration from TiN at one end to HAP at the
other were prepared by sintering at 1100 and 1200°C under the pressure of 150 MPa. The Brinell hardness was around Hg 60, nearly uniform for
the whole range of composition. After 2 and 8 week implantation in diaphysis of femur of rat, there was very little inflammation and the new
bone was formed around the sample. By use of TiN instead of Ti, the decomposition of HAP during sintering process could be suppressed and

the successful sintering of FGM and mechanical properties could be attained.

{Received July 21, 2004; Accepted September 2, 2004)

Keywords: titanium nitride, hydroxyapatite, functionally graded materials, spark plasma sintering, implant, biocompatibility

1. Introduction

Pure titanium, titanium alloys, and hydroxyapatite are used
for the implant in dental clinics as the methed to restore the
mastication function of lost teeth. Hydroxyzapatite (HAP), a
main component of bone and teeth, has bioactive properties
for new bone formation.!® Most of these implants are
composed of the same structure and materials for the whole
part. The dental implant needs the different function from
part to part since it penetrates into a jawbone from the inside
of the mouth. Inside the bone, the implant material is required
to have osseoconductivity so that the new bone can be formed
quickly and attached directly to it (osseointegration). In oral
cavity (cutside the bone), the implant material is required to
have enough mechanical strength to bear the occlusal force.
However, most of dental implants have the uniform cormpo-
sition throughout from the upper to bottom. The implant
receives the force as much as 600N at occlusion, nearly
about the patient’s weight. Inside jaw bone, the uniform
fixation of the implant by new bone formation which
completely surrounds the whole surface of implant is
desirable to have the sufficient strength endurable to the
occlusal force and to have the stress relaxation effect, that is,
release of the excess overload on jaw bone. Dental implant
with functionally graded structure would satisfy these
requirements, high bone affinity and relaxation effect. Thus,
we have been developing the dental implant where the
concept of a functionally graded material (FGM) was
applied. Figure 1 shows the concept of FGM implant. As a
typical example, the left end is 100%Ti and the right end is
100%HAP. If Ti content increases, mechanical properties
would be improved and as HAP content increases, biocom-
patibility could be improved.

Titanium/hydroxyapatite functionally praded implant
(Ti/HAP) has thus been developed using pure titanium,
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Fig. 1

Concepticn of FGM.

titanium hydride, and surface nitrided titanium as the starting
titanium materials for sintering.%'® However, HAP becomes
unstable and decomposed under the coexistence of Ti which
tends to act as reductant at high temperature. In Ti/HAP,
the compromised optimum sintering temperature was found
as 850°C where HAP is not decomposed.!® However, at this
temperature, sintering and mechanical intensity was insuffi-
cient. The use of more inert material, titanium nitride (TiN),
would suppress the decomposition of HAP and enable the
sintering at higher temperature. In this study, the TiN/HAP
functionally graded implant was fabricated by Spark Plasma
Sintering (SPS) and its mechanical properties and biocom-
patibility were investigated.

2. Materials and Methods

2.1 Preparation of FGM implant

The HAP powder which was crushed to pieces after
sintered at 1150°C (SUMITOMO OSAKA CEMENT.
<40pm) and titanjum nitride powder (NILACO Ltd.
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a: Appearance of spark plasma sintering equipment. b: Sintering

<45p1m) were blended with various ratios. These mixed
powders with the different ratios of TiN and HAP were
packed into the mold of ¢20mm x 10 mm, producing a
gradient concentration from one end to the other to the depth
direction. This TiN/HAP FGM was sintered under the
pressure of 150 MPa at 900~-1400°C by SPS. Figure 2 shows
the appearance of SPS equipment. The sintered cylinder
block was cut into the square rods for mechanical and animal
implantation tests by the diamond disk, so that the compo-
sition gradient direction should be in the longitudinal axis.

2.2 Mechanical test
2.2.1 Brinell hardness test

The Brinell hardness test was performed in order to
investigate the change of hardness in the direction of
composition gradient. A steel ball with a diameter of
1.5 mm was indented under the load of 98 N for the loading
time of 30s. Three places were measured in each part of the
eleven layers of gradient material, and their average was
calculated.
2.2.2 Flexural test

The three point flexural test was done for the FGM rods
(Zmm x 2mm x 10 mm) with the gauge length of 10mm
and at the crosshead speed of 0.1 mm/min using the universal
testing machine (INSTRON, Model 4204). Four specimens
were tested and their average was calculated.
2.2.3 Compression test

The compression test was done for the FGM rods (3 mm x
3mm x 7 mm) at the crosshead speed of 1 mm/min using the
above universal testing machine. Four specimens were tested
and their average was calculated.

2.3 Implantation test

Four Wister strain rats aged 14 weeks (weight 350~380 g)
were used for the present experiments, After the rats were
anesthetized with diethyl ether (Wako Pure Chemical
Industries, Osaka Japan), pentobarbital sodium (30 mg/kg;
EMBUTAL INJECTION, Dainabot, Osaka, Japan) was
injected into the abdominal cavity of the rats. A hole was
carefully made in the lateral surface of the diaphysis of femur
using a dental round bur (¢! mm), with a physiological saline
external coolant, and the TiN/HAP FGM (I mm x 1 mm x
7 mm) were inserted into bone marrow. The wound was then
sutured. These rats were sacrificed at either the second or
eighth week after implantation, and the tissue block involy-
ing specimens were resected. They were fixed in 10% neutral
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buffered formalin, washed, stained with Villanueva bone
stain, and embedded in PMMA. After the tissue blocks were
sectioned at 400um with a precision sawing machine
(ISOMET 2000, BUEHLER, IL., USA), the thinner sections
of about 100 um in thickness were prepared by mechanical
polishing.

2.4 Observation and analysis

Both FGM before implantation and in the tissue blocks
involving specimens after implantation were observed and
analyzed by optical microscopy (VANOX-S, OLYMPUS,
Tokyo, Japan), SEM (HITACHI, $-2380N), electron probe
micro analyzer (EPMA: JEQOL JXA-8900M), and X-ray
scanning analytical microscopy (XSAM: HORIBA,
XGT2000V), and Raman spectroscopy (Dilor-Jobin Yvon-
Spex-Horiba LABRAM).

3. Results

TiN/HAP FGM was fabricated by SPS at the temperatures
900~1400°C. For 900 and 1000°C the mechanical properties
were insufficient to endure the mechanical shock at cutting
process. For 1300 and 1400°C, the occurred after sintering,
which was considered due to the decomposition of HAP.!®
The stable TiN/HAP FGM was obtained at 1100 and
1200°C.

Figure 3 shows the SEM observation of TIN/HAP sintered
at 1100°C, the whole view (upper) and enlarged photographs
of these parts (a: TiN b: 20HAP ¢: 80HAP d: 100HAP). The
image of the part at high concentration of TiN (a, b) showed
the porous structure and inadequate sintering. Sintering in the
part at high concentration of HAP (¢, d) was relatively more
advanced and preduced the condense structure.

Figure 4 shows the SEM observation of TIN/HAP sintered
at 1200°C, the whole view and enlarged photographs of these
parts {a: TiN b: 20HAP c: 80HAP d: 100HAP). Compared
with the FGM sintered at 1100°C, sintering was advanced in
each composition, although the sintering of 100%TiN region
was still inadequate.

Figure 5 shows the Raman spectrum from 100%HAP
region. The peak appeared near 3550cm™! is attributed to
OH™, which does not always appear in HAP. It suggests the
attainment of good crystallinity.

Figure & shows the elemental mapping of TiN/HAP FGM
by EPMA. Since Ca and P, the elements constituting HAP,
show the same manner of distribution, it is suggested that
HAP was not decomposed. It was also noted that Ti and N
were similarly distributed in gradient and inversely to Ca and
P in concentration, which proves the successfully prepared
graded structure.

Figure 7 shows the Brinell hardness in each part of TiN/
HAP FGM. The Brinell hardness was around 60, nearly
uniform for the whole range of composition. There was not
much difference between the FGM sintered at 1100 and
1200°C.

Figure 8 shows the flexural strength of TiN/HAP FGM.
Flexural strength of the FGM sintered at 1100°C and 1200°C
showed 65.4MPa and 71.3 MPa, respectively. They were
around the same level as a bone. The FGM fabricated at 900,
1000, 1300, and 1400°C was collapsed after sintering.
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Fig. 4 SEM observation of TiN/HAP sintered at 1200°C. Whole view and enlarged photographs. a: TiN b: 20HAP c: B0HAP d: 100HAP.

Figure 9 shows the compression strength of TiN/HAP
FGM. Both FGM showed the value larger than 100 MPa. The
FGM fabricated at 900, 1000, 1300, and 1400°C was
collapsed after sintering.

Figure 10 shows the light microscopic view of TIN/HAP
implanted in the diaphysis of femur for 8 weeks in the
transmission mode. Left side is 100%Ti and right side is

100%HAP regions. The cracks in 100%HAP were formed
when the specimens were cut into slices for observation. The
new bone was formed around FGM implant.

Figure 11 shows the enlarged views of newly formed bone
in the regions of 90%TiN-10%HAP (a, ¢) and the 10%TiN-
90%HAP (b, d) of TIN/HAP FGM after 2 and 8 weeks. The
upper figures (a, b) show the newly formed bone around TiN/



