CALCIUM PHOSPHATE CEMENT 495

T - -r';g
e

-
Wy

M v 4T
At {4
(

Y
% -
)

e g
{"~_1.;"3‘ R ¥

™,
¥

“.‘?.,L

]

C o e,

Figure 3. Soft tissue response to the control cement. (a) Moderate inflammation and numerous foreign body giant cells
(arrow) are seen around the crumbled control cement (*) at 1 week after surgery. Hematoxylin and eosin stain: original
magnification x100. (b} High magnification of (a). Foreign bedy giant cells (arrow) can be seen on the surface of the cement
(*}. Macrophages (arrowhead) are seen in the granulation tissue around the crumbled cement (*). Hematoxylin and eosin
stain: original magnification x200. (¢) Calcein (arrowhead) injected at surgery is deposited on the surface of the crumbled
control cement (*) at 2 weeks. Fluorescent microscopy: original magnification x25. (d) Many foreign body giant cells (arrow)
can be observed on the surface of the crumbled control cements (*) at 4 weeks. Hematoxylin and eosin stain: original
magnification x100. (e) High magnification of (d). Foreign body giant cells (arrow) are seen on the surface of the cement ™.
Mesenchymal cells and fibroblasts can be seen in the fibrous tissue. FLE. stain: original magnification x200. (f) Crumbled
cemnent pieces (*) are covered by thin connective tissue with fibroblasts at 26 weeks. Hematoxylin and eosin stain: original
magnification x1¢0.
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Figure 4. Hard tissue response to the new cement. (a} New bone formation can be observed in the gap between the host
parietal bone (**) and the new cement (*) at 2 weeks. Hemnatoxylin and eosin stain: original magnification x50. (b) Thin new
bone can be observed on the under surface of the new cement (*} detached from host parietal bone (**) at 4 weeks.
Hematoxylin and eosin stain: original magnification x50. (¢) Most of the edge and under surface of the new cement (*) is
covered by newly formed bone at 8 weeks. Villanueva bone stain: original magnification x10. {d) Calcein (arrow) deposition
can be seen on the surface and alizarine complexone {arrowhead) deposition is seen on the inner layer of the new cement at
8 weeks, Fluorescent microscopy: original magnification x10. () Slight bone formation (arrow) can be observed on the upper
surface of the new cement (*) at 52 weeks. Hematoxylin and eosin stain: original magnification x50.
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face of the cement at 52 weeks [Fig. 4(e)]. There were
no multinuclear cells on the surface of the cement.
Distinct cell-mediated absorption of the cement was
not observed.

Control cement group

At 1 week after surgery, the periosteum covering
the cement was thickened with a prominent inflam-
matory response. The cement crumbled to pieces, and
small pieces were covered by granulation tissue with
an inflammatory response. Although newly formed
bone directly contacted some of the small pieces of the
cement on the host parietal bone, many of the pieces of
cement were covered by fibrous connective tissue
with an inflammatory response at 2 weeks [Fig.
5(a,b})]. At4 weeks after surgery, although some of the
small pieces contacted the new bone directly, most
were covered by fibrous connective tissue and granu-
lation tissue [Fig. 5(c)]. At 8 weeks, some particles of
the control cement were contacted with newly formed
bone and foreign body giant cells were observed on
the surface of the particles covered by fibrous connec-
tive tissue [Fig. 5(d)]. Even at 26 weeks after surgery,
foreign body giant cells were observed on the control
cement particles covered by fibrous connective tissue

[Fig. 5(e)].

XRD analysis

Figure 6 shows the XRD patterns of the new cement
and the control cement implanted in subcutaneous tis-
sue. At 1 day after surgery, peaks of HAP were ob-
served for both cements and peaks of DCPD were
slightly detected, whereas some peaks of TeCP and
relatively high peaks of TCP remained. At 1 week after
surgery, the intensity of peaks of HAP was increased
in both cements. Small peaks assigned to TCP and
TeCP were observed in the new cement, and a quite
small peak of TCP was observed in the control cement.
At 8 weeks, both cements had been transformed to
HAP. Figure 7 shows the changes of the rates of trans-
formation to HAP. The rates increased with time with
both cements. The components of the cement were
completely transformed to HAP by 8 weeks after sur-
gery. The rate of transformation of the control cement
was higher than that of the new cement at every mea-
suring point,

FT-IR analysis

Figure 8 shows the FTIR spectra of the new cement
and the control cement implanted in the subcutaneous
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tissue. The peak at 1560 cm™', which was detected for
calcium succinate but not for the original powder, was
considered to be derived from chelation. This peak
was detected in new cement and it decreased with the
time of implantation.

DISCUSSION

The cement reported in the present study was a
calcium phosphate cement containing carboxylic acid.
The liquid components of calcium phosphate cement
reported in many studies were distilled water or neu-
tral phosphate solution.>®*'%13 We studied calcium
phosphate cement containing a carboxylic acid and a
polysaccharide. Carboxylic acid is thought to chelate
calcium of the powder components and strengthen the
mechanical properties, shorten the setting time and
make an insoluble matrix as a result.'® In contrast, it
was reported that organic acid causes an inflamma-
tory response.”?® One shortcoming of the calcium
phosphate cement containing carboxylic acid was sur-
plus acid that did not take part in the chelation reac-
tion. We previously developed a calcium phosphate
cement containing citric acid and chitosan and re-
ported that the content of citric acid in the liquid com-
ponent was related to the extent of inflammation
around the cement.'* We then changed citric acid to
succinic acid to reduce the inflammatory response.
The cement caused a moderate inflammatory response
when implanted in putty form and a slight inflamma-
tory response when implanted in prehardened form.'>
In this study, the content of succinc acid was reduced
from 8.0% to 3.9%. Inflammation at the early implan-
tation stage was slight despite the use of the putty
form, whereas surplus acid was recognized in an in
vitro study.'®?” Therefore, the contro! of inflammation
could be accomplished by decreasing the content of
succinic acid.

Moderate inflammatory and foreign body responses
were observed around the control cement, whereas
slight inflammatory changes and only a few foreign
body giant cells were observed around the new ce-
ment. Miyamoto et al. reported severe inflammation
around calcium phosphate cement implanted imme-
diately after mixing.?' They proposed that the severe
inflammation was the result of a decrease of transfor-
mation to HAP and the crumbling of the cement.
Takechi et al. reported that calcium phosphate cement
without citric acid crumbled and that a severe inflam-
matory response was observed when it was implanted
immediately after mixing, whereas calcium phosphate
cement with citric acid did not crumble and there was
little inflammatory change.”® In this study, the trans-
formation rate of the control cement was higher than
that of the new cement despite the moderate inflam-
mation. A moderate inflammatory reaction was recog-
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Figure 5. Hard tissue response to the control cement. {a) Some of the crumbled cement pieces (*) are covered by new bone
from the host parietal bone (**). An inflammatory response can be seen around the crumbled cement at 2 wecks. Hematoxylin
and eosin stain: original magnification x50. (b} High magnification of (a). Some cement picces (%) are covered by new bone.
Many foreign body giant cells {arrow) are scen on the surface of the crumbled coment, Hematoxylin and eosin stain: original
magnification x100. (c) Some of the crumbled cement pieces (') are covered by bone tissue. Other crumbled cement particles
(**} are covered by tibrous connective tissue at 4 weeks. Hematoxylin and eosin stain: original magnification »50. (d) Some
cement pieces (*) are covered by bone. Foreign body giant cells {arrow) can be seen on the surface of the cement pieces
surrounded by thin fibrous connective tissue at 8 weeks. Hematoxylin and eosin stain: original magnification x50. (e} A
foreign body giant ccll (arrow) can be seen on the surface of the cement (*) in the fibrous tissue at 26 weeks. Hematoxylin and
eosin stain: original magnification =100,



CALCIUM PHOSPHATE CEMENT

-(—-—""HAP
(2)
«HAP
- o
z ©)
= (d
(©)
(b)
DCPD
o -TCP
TeCP.
()
20.0 25.0 30.0 35.0 40.0
20

Figure 6. XRD patterns of the cements implanted in the
subcutaneous tissue. (a) original powder; (b) the control ce-
ment at 1 day; (c} the new cement at 1 day; (d) the control
cement at 1 week; (e) the new cement at 1 week; (f) the
control cement at 8 weeks; and {g) the new cement at 8
weeks.

nized where only cement powder (average diameter
22 pm) was implanted in our preliminary study.
Therefore, the crumbling of the cement was thought to
be the main reason for the inflammatory response of
the control cement. There have been some reports on
the relation between the particle size of the material
and the extent of inflammatory reaction.?>** The
crumbling of the control cement seemed to be due to
low mechanical strength and the inhibition of the in-
terlocking of HAP crystals by the penetration of blood,
as reported by Ishikawa et al.'! In contrast, an in-
soluble matrix was formed by chelation in the new
cement, so the mechanical strength increased and the
penetration of blood, which resulted in crumbling, did
not occur. Therefore, it was thought that the inflam-
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Figure 7. Transformation rate to HAP in the subcutaneous
tissue. (a) the new cement; (b) the control cement.
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Figure 8. FT-IR spectra of the cements implanted in the
subcutaneous tissue. (a) calcium succinate; (b) original pow-
der; (c) the control cement at 1 week; (d) the new cement at
1 week; and (e} the new cement at 8 weeks.

matory response around this new calcium phosphate
cement was related to surplus acid and that around
the control cement was related to the fragmented ce-
ment particles. In fact, there was little inflammatory
response around prehardened control cement that did
not crumble.’”® When this control cement is used, it
should be used in prehardened form or in conditions
without blood penetration. On the other, because the
insoluble matrix formed by chelation inhibited hydra-
tion, transformation to HAP occurred later than with
the control cement.

The biocompatibility and osteoconductivity of cal-
cium phosphate cement have been reported in several
studies.”***? For osteoconductivity, it has been re-
ported that the components and setting reaction prod-
ucts of calcium phosphate cements are the main inor-
ganic constituents of hard tissue.”® The new cement
showed good osteoconductivity in this study, as thin
new bone was directly formed on the surface of the
new cement detached from the host parietal bone.
Good fitting to the host bone is also considered to be
related to osteoconductivity. Poor fitting of the mate-
rial to the host bone, as with the block form of HAP,
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could cause penetration of fibrous tissue and bone re-
sorption under the material. Because the new cement
fit to the parietal bone, the resorption of the host bone
was not observed. Fitting is believed to be related to
the fixation of the material. Donath et al. reported that
the initial stability of the implanted material was im-
portant for osteoconductivity.” The implanted control
cement immediately crumbled, thus fixation of the ce-
ment was not sufficient, and there were inflammatory
responses around the pieces of the cement. Therefore,
osteaconduction of the control cement was less than
that of the new cement, although some of pieces of the
control cement close to the host bone were covered by
new bone. Furthermore, calcium deposits were ob-
served on the new cement from immediately after sur-
gery. This might have been related to the increase in
the calcium ion concentration around the cement that
accompanied the dissolution of the cement by the sur-
plus acid. Calcium deposition on the surface of the ce-
ment in the early implantation stage would be effective
for osteogenesis around the cement. CM-chitin, which
was added the new cement to improve its handling
properties, has been studied as a drug carrier It was
also reported that calcification was promoted on it
The resorption of calcium phosphate cement has
been controversial. Miyamoto et al. implanted fast-
setting calcium phosphate cement in bone defects
made on rat tibiae and reported that no resorption of
the cement was observed within 8 weeks.** Kurashina
et al. implanted calcium phosphate cement onto the
cranial bone of the rabbit and reported that differences
of the surrounding tissue resulted in different resorp-
tion rates.”” Frankenburg et al. implanted injectable
calcium phosphate cement into proximal tibial me-
taphyseal and distal femoral metaphyseal defects in
dogs and reported that the mean percentage of the
cavity occupied by the cement had decreased to 34.1%
in the tibial defects and 67% in the femoral defects at
78 weeks.2® Ikenaga et al. implanted calcium phos-
phate hydraulic cement into bone cavities created in
the distal epiphysis of femurs in rabbits, and reported
the cement was resorbed, leaving only 7.67% after 12
weeks.?” In a clinical study, Sarkar et al. reported the
partial replacement of their calcium phosphate cement
by new bone.”® The differences in the rates of resorp-
tion were considered to be related to the differences of
the compositions and properties of the cements, and
the species and ages of the animals. However, most of
these studies showed that osteoclasts were related to
resorption of cement. Yuan et al. implanted calcium
phosphate cement into the femoral bone of the dog for
6 months. They reported that the calcium phosphate
cement was resorbed by chemical dissolution and cell-
mediated resorption.”® In this study, distinct cell-
mediated resorption of either the control or newly de-
veloped cement in the subcutaneous tissue and on the
bone was not observed within 12 months. Few mac-
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rophages and foreign body giant cells were observed
on the surfaces of the cements at 12 months, although
they were observed at the early implantation stage.
Observation by fluorescent microscopy revealed that
calcium deposition occurred not only on the surface
but also in the inner area of the new cement with time.
In vitro study showed dissolution of the new cement
in physiologial saline even at 4 weeks after immer-
sion." In addition, the decrease of the chelation of the
calcium succinicate in the new cement detected by
FTIR showed the dissclution of calcium succinate.
These results suggested that calcium was deposited in
the void via the dissolution of calcium succinate. Al-
though the quantity was very small, when the above
results are considered, only chemical dissolution of
the cement seems to have been occurred.

In conclusion, our newly developed calcium phos-
phate cement containing succinic acid and CM-chitin
showed excellent biocompatibility and osteocompat-
ibility over a long period of time. However, it will be
necessary to carry out further experimental research to
validate its clinical use in the future.
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Titanium nitride/hydroxyapatite functionally graded implant (TiN/HAP) was successfully 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 10 HAP at the
other were prepared by sintering at 1100 and 1200°C under the pressure of 150 MPa. The Brinell hardness was around Hp 60, nearly uniform for
the whole range of composition. After 2 and 8 week implantaticn in diaphysis of femur of rat, there was very little inflammation and the new
bene 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.
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1. Intreduction

Pure titanium, titanium alloys, and hydroxyapatite are used
for the implant in dental clinics as the method to restore the
mastication function of lost teeth. Hydroxyapatite (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 (outside 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 compo-
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 functicnally graded implant
(Ti/HAP) has thus been developed using pure titanium,
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Fig. 1 Conception 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 titanium nitride powder (NILACO Ltd.
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Fig. 2 a: Appearance of spark plasma sintering equipment. b: Sintering
umnit.

<45um) were blended with various ratios. These mixed
powders with the different ratios of TiN and HAP were
packed into the mold of ¢20mm x 10mm, 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 DBrinell 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 [0mm) with the gauge length of 10 mm
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 7mm) 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, QOsaka, 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 (41 mm), with a physiological saline
external coolant, and the TiN/HAP FGM (1 mm x | 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 involv-
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 400pm with a precision sawing machine
(ISOMET 2000, BUEHLER, IL, USA), the thinner sections
of about 100pm 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, S-2380N), electron probe
micro analyzer {(EPMA: JEQL 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, !9
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 c: 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 (c, d) was relatively more
advanced and produced 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 3550 cm™! is attributed to
OH~, which does not always appear in HAP, It suggests the
attainment of good crystallinity.

Figure 6 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. Tt 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 71.3MPa, 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 ¢: R0HAP 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/JHAP
implanted in the diaphysis of femur for 8 weeks in the
transmission mode. Left side is 100%Ti and right side is

1005t 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-109%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/
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Fig. 5 Raman spectrum from 100%HAP region.

Fig. 8 EPMA clemental mapping of TiN/HAP FGM.
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Fig. 7 Brinell hardness in each part of TiN/HAP FGM.
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Fig. 10 Optical microscopic view of TiN/HAP FGM implant in diaphysis
of femur after 8 weeks, (left: TiN, right: HAP).

HAP FGM after 2 week implantation, and the lower figures
(c, d) show those after 8 weeks. In 2 weeks, an immature
newly formed bone was observed around the TiN/HAP
FGM. In 8 weeks, the newly formed bone around the
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Fig. 11 Optical microscopic views of newly formed bone around TiN/HAP, after 2 weeks (a: HAP10 b: HAP90) and 8 weeks {¢: HAP10

d: HAP90).

specimen was more matured. The thin lamilar structure was
observed in a newly bone around the HAP rich region due to
the bone remodeling (d), which was not observed at the Ti
rich region (c). Very litlle inflammation was observed
throughout the implantation period of 2 and 8 weeks.

Figure 12 shows the EPMA elemental mapping (Ca and
Ti) of newly formed bone around TiN/HAP FGM after 8
week implantation. Inside the implant, Ca and Ti showed the
gradient composition, complementary each other. The map-
ping of Ca, bone composition element, represents the
formation of new bone around TiN/HAP FGM.

4. Discussion

4.1 Effect of SPS

The implant of simple substance, for example, HAP shows
the high bone conduction.!™ However, there is a danger of
fracture due to its brittle properties as dental implant when
occlusal force is imposed. Ti implant has enough reliable
mechanical properties. However, it takes more time until the
formation of new bone after implantation, since bone
conduction is inferior to HAP. In FGM which satisfies both
bone conductivity and mechanical properties, it would be
possible to lead a new bone to contact directly to implant
material and to maturate from an early stage in root. In this
study, TiN/HAP FGM was successfully fabricated by SPS.

Imm

Fig. 12 EPMA clemental mapping of new bone formation around TiN/
HAP inserted in diaphysis of femur for 2 weeks.

FGM is produced by intermingling two or more kinds of
metals, ceramics or polymers. The optimal sintering con-
ditions are usually different for these components and the
formation of simultaneous sintering is difficult. SPS can
promote the efficient and uniform sintering by generating
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spark plasma between particles. This differs greatly from the
conventional sintering using an electric furnace. Fabrication
of stable Ti/HAP system FGM was limited up to Ti/
Ti30%HAP, since heating at 1300°C was necessary to make
sintering by electric furnace heating and FGM for lager
content of HAP such as Ti/100%HAP was not possible.'> By
use of SPS, heating temperature could be lowered due to the
enhancement of sintering and it was possible to fabricate Ti/
100%HAP.*'%) When pure Ti was used for FGM by SPS,
750°C was inadequate for sintering of Ti/HAP, but the self-
destruction occurred after sintering at 900°C and 1000°C due
to the decomposition of HAP.' The compromising optimum
sintering temperature was found as 850°C.!5 When TiN was
used for TIN/HAP FGM, the temperature of 900 and 1000°C
was insufficient to endure to the mechanical shock at cuiting,.
At 1300 and 1400°C, the self-destruction of specimens
occurred after sintering, which was considered due to the
decomposition of HAP. The sintering temperature was thus
set as 1100 and 1200°C.

4.2 Mechanical properties of FGM

Since the composition and structure are changed from part
to part in FGM, evaluation of their properties is not simple,
compared with the homogeneous material. The Brinell
hardness test evaluates the hardness in each part of FGM.
Compression and flexural tests evaluate the representive
value of mechanical strength for the whole sample. Brinell
hardness test is snitable to evaluate a complex with porosity
which can be measured from the depth of indentation using a
spherical steel ball as indented. The hardness of TiN was very
high (Hv~-1300) nearly ten times of Ti.'"** In TiN region,
sintering was inadequate and porous structure was observed
by SEM (Figs. 3, 4). This resulted in the uniform Brinell
hardness for the whole range in spite of the gradient
composition from TiN to HAP.

The specimens sintered at 1100 and {200°C had the
flexural and compression strength of the similar level as a
bone. Both strengths are slightly more improved for 1200°C
than 1100°C, although the hardness of each part is nearly the
same for the FGM sintered at 1100 and 1200°C. The results
of compression and flexural tests for FGM are very much
affected by existence of weak part. Since the mechanical
properties of FGM are not uniform, fracture tends to initiate
from crack formation at the weakest part, usually in the part
of high ceramic content where sintering is insufficient,
porosity is high and brittleness is predominant. Therefore the
results of compression and flexural tests are not necessarily
consistent with the Brinell hardness test. The most influential
part for strength for the whole specimen is the degree of
insufficient sintering in the TiN rich part, since 1100~
1200°C is still insufficient for sintering of TiN whose melting
point is 2950°C. The sintering at 1200°C improved the
strength of TiN part, which thus resulted in the increase of
compression and flexural strength compared with that of
1100°C.

4.3 Bone conductivity

Ti and HAP are widely used in clinics, because of hizh
biocompatibility and bone conductivity. The chemically
stable properties of TiN, especially the excellent corrosion
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resistance which may be better than Ti, would contribute to
its bjocompatibility.'”*? Qur previous study of implantation
tests in the soft and hard tissue showed that TiN has the
nearly equivalent biocompatibility as Ti and is suitable for
the abrasion resistant implant which may be used for the
abutment part of dental implant and the sliding part of
artificial joint, 1929

In this study, the implantation experiment was conducted
1o observe the difference of the bone formation capability in
each part of FGM. The rat femur was used for the
implantation test since it is the largest space in rat for hard
tissue which can hold a long specimen to compare the
reaction for the composition from TiN to HAP in the
lengitudinal direction under nearly the same conditions. No
inflammation was histopathologically observed on the sur-
rounding of FGM in two and eight weeks after the direction
and suture for implantation. EPMA elemental mapping was
also performed for the analysis of hard tissue, where new
bone formation was clearly recognized for the whole part
around implant in Ca mapping. Theses confirmed that any
part of TIN/HAP has biocompatibility. The further detailed
observation by optical microscopy showed that the matura-
tion of new bone was more advanced in the HAP rich region
than in the Ti rich region. This suggests that a vital reaction in
hard tissue changes in inclination in accordance to the
inclination structure of material,

5. Conclusions

(1) By use of TiN instead of Ti, the decomposition of HAP
could be suppressed.

(Z2) TiN/JHAP FGM could be successfully fabricated at
1100 and 1200°C by $PS.

(3) The Brinell hardness was around 60, nearly uniform for
the whole range of composition.

(4) Flexural strength of TIN/HAP FGM sintered at 1100°C
and 1200°C showed 65.4MPa and 71.3 MPa respec-
tively, and compression strength of TiN/HAP FGM
showed more than 100 MPa,

(5) The new bone was formed directly on the implants. No
inflammation was observed throughout the implanta-
tion period of 2-8 weeks.

(6) In 8 weeks, the maturation of newly formed bone was
more advanced in the HAP rich region.

(7) The sintering of TiN rich part was still insufficient for
the temperature up to 1200°C.

Acknowledgements

Research was performed under Grant-in-Aid for Scientific
Research (B) (2) from the Ministry of Education, Science,
Sports and Culture of Japan, and Health and Laybour
Sciences Research Grants in Research on Advanced Medical
Technology from the Ministry of Health, Laybour and
Welfare of Japan. The authors are grateful to Dr. Koichi
OMAMYUDA of SUMITOMO OSAKA CEMENT for the
supply of HAP,



3162

H. Kondo ¢z al.

REFERENCES

1}
2)
3)

4)

3

6)
7

8)

N

1)

F. C. M. Driessens and R. M, H. Verbeeck: Biominerals, (CRC Press,
Boca Raton, 1990) pp. 1.

H. Aoki: Science and medical application of hydroxyapatite, (Inc.
Ishiyaku, Euro. America. Tokyo, 1994) pp. 1.

H. Aoki: Medical applications of hydroxyapatite, (Jap. Asso. Apatite.
Science. Tokyo, 1991} pp. 1.

T. Hirai: Materials Science and Technalogy. Processing of Ceramics
Parr 2, vol. 17B, ed. by R. W. Cahn, P. Haasen and E. ). Kramer,
(Weinheim, Verlagsgesellschaft, 1996) pp. 293-341,

F. Watari, A. Yokoyama, F. Saso, M. Uo and T. Kawasaki: Function-
ally Graded Materials 1996, ed. by I. Shiota Y. Miyamoto, (Elsevier,
Amsterdam, 1997) pp. 749-754.

F. Watari, A. Yokoyama, F. Saso, M. UJo and T. Kawasaki: Composites
Part B 28B (1997) 5-11.

F. Watari, A. Yokoyama, F. Saso, M. Uo, H. Matsuno and T, Kawasaki:
I. Japan Inst. Metats 62 (1998) 1095-1101. (in Japanese).

F, Watari, A. Yokoyama, F, Saso, M. Uo, H. Matsuno and T. Kawasaki:
Functionally Graded Materials 1998, ed. by W. A. Kayser, (Trans Tech
Publications, Zurich, 1999) pp. 356-361.

H. Takahashi, F. Watari, F. Nishimura and H. Nakamura: Dent. Mater.
J. 11 (1992) 462-468.

F. Watari, A. Yokoyama, H. Matsuno, R. Mivao, M. Uo, Y. Tamura, T.
Kawasaki, M. Omori and T. Hirai: Functionally Graded Materials
2000, Ceramic Transaction 114, ed. by K. Trumble, K. Bowman,

1

12)
13)

14)

15)
16}
17)
18}
19)

20}

1. Reimanis, S. Sampath, (Am. Ceramic Soc., 2001) pp. 73-80.

F. Watari, A. Yokoyama, H. Matsune, R. Miyao, M. Uo, T. Kawasaki,
M. Omori and T. Hirai: Functionally Graded Materials in the 21st
Century, ed. by K. Ichikawa, (A Workshop on Trends and Forecasts,
Kluwer Academic Publishers, Boston, 2001) pp. 187-190.

H. Takahashi: Dent. Mater. J. 12 (1993) 595-612.

F. Watari, A. Yokoyama, F. Saso, M. Uo and T. Kawasaki: Proc, 3rd
Int. Symp. Structural & Functionally Gradient Materials, ed. by
B. lischner, N. Cherradi, (Polytechniques Press, Romandes, Lausanne,
1995) pp. 703-708.

F. Watari, M. Omori, T. Hirai, A. Yokoyama, H. Matsuno, M. Uo, R.
Miyao, Y. Tamura and T. Kawasaki: 1. Jpn. Soc. Powder & Powder
Metallurgy 47 (2000) 1226-1233.

R. Miyao, A. Yokoyama, F. Watari and T. Kawasaki: J. Jpn. Soc. Dent.
Mater and Devices 20 (2001) 344-355. (in Japanese).

F. Watari, A. Yokoyama M. Omori, T. Hirai, H. Kondo, M. Uo and
T. Kawasaki: Compos. Sci. Tech. 64 (2004) §93-908.

H. Matsuno, A. Yokoyama, F. Watari, M. Uo and T. Kawasaki: J. Jpn.
Soc. Dent. Mater and Devices 8 (1999) 447-462. (in Japanese).

H. Matsuno, A. Yokoyama, F. Watari, M. Uo and T. Kawasaki:
Biomaterials 22 (2001) 1253-1262.

Y. Tamura, A. Yokoyama, F, Watari and T, Kawasaki: Dent. Mater.
1. 21 (2002) 355-372.

Y. Tamura, A. Yokoyama, F. Watari, M. Uo and T. Kawasaki: Mater.
Trans. 43 (2002) 3043-3051.



