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Magnetization (a.u0.)

Ten CC)

o ¢

Fig. 1 One unit cell of a spinel lattice. All the
ion positions are shown for two octants only,
The symmetries at the tetrahedral (A) and
octahedral (B) sites are indicated.
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Fig. 2 Magnetization of Mn-ferrite spherical
particles with average diameters of (a) 15, (b) 21,
and {¢) 30 nm.
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Fig.3 Ferromagnetic Néel temperature (T¢x) of
Mn-ferrite particles and the value for the bulk
material vs. S4/Sp. Sa and Sz are the relative
iron occupancies of the A and B sites as
determined from in-field M&ssbauer spectra.
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Fig. 4 Coercive force of YIG particles with
various surface areas at 4.2 K.
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Table 1 Values of the material parameters used
in calculations

Material parameters Value
Saturation magnetization (Ms [A/m]) 1700E3
Exchange stiffiess (A [J/m]) 21E-12
Crystalline anisotropy (K1 (J/m®]) 48E3
Surface anisotropy constant {edge Kt [J/m®)) | Variable
Anisotropy type: Uniaxial
A Cell size:
1nm X Inm x 50nm
x: 50mm .
-
T
- £

2: 50nm

| =

Fig. 5 Core-shell model of a magnetic particle.
The shape of the particle is ellipsoid, and the
length in each direction is equal.
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DA THEELTVWAEBbh A,

6.2 FEMERAROBEEICLIESNELL
{RIEN] 7L BRI (Table 1) 2385 L, £ oBE—BXH
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SEERIC 2, AKENIST 2BdZ L public domain T L
TWv3a OOMMF (The Object Oriented Micro-Magnetic
Framework), release 1.2 alpha 3 % B \» #3939
OOMMF it Landau-Lifshits-Gilbert @ B {k @ &) 7 &
I3 Bz BT, ENIORES I ] LS & 2 v+ — Sigh
12 BIRREA T LRLEIER SR 2 F ETH 3.

Fig. 5 IR AEREHEZREL, dRilE % 2 kol
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Fig. 6 Calculated coercivity H. for 50-nm
particles with various edge K, values. The data
are normalized with 195 mT of H, as obtained
when the edge K, is equal to K.
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Effects of Surface Anisotropy on the Coercivity of Ferromagnetic Small Particles
—-Computer Simulation vs, Experimental Observations-
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SYNOPSIS

A computer simulation has been made for a calculation of technical magnetization curves of magnetic small
particles in nanometer scale by assuming surface anisotropy acting in addition to existing magneto-crystalline anisotropy
in bulk (a particle body). A particle shape modeled is a cylinder, in which a variable particle size of 30, 40, 50 and 60 nm
in diameter with a fixed height of 30 nm for each is considered. Micro-magnetic calculations, based on Landau-
Lifshitz-Gilbert equation, indicate an enhanced coercivity for a magnetic single-domain particle with the smaller
particle size and also with the stronger surface anisotropy acting there, in accord with the existing coercivity data for

various materials in small particle forms.
KEY WORDS

surface anisotropy, coercive force, ferromagnetic small particles, micro-magnetic calculation
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Table 1 The value of material-parameters.

Material-parameters Value
Saturation magnetization (Ms [A/m]) 1.70E+06
Exchange stiffness (A[J/m]) 2.10E-11
Crystalline anisotropy constant (K;[J/m*)) | 4.80E4
Surface crystalline amsoiropy constant Variable
{edge K, [J/’'])
Anisotropy type uniaxial

Table 2 Environment of computer experiment.

Computer hp Workstation zx2000
CPU Intel Itanium?2 S00MHz
Memory 1.5Gbyte
OS Red Hat Linux Advanced
Workstation release 2.1 AW
Compiler gee 2.96
Software Object Oriented Micromagnetic
Framework {OOMMF)
Release 1.2a3
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Fig.1 A core-shell model of a magnetic particle. A particle shape
is ellipsoid, in which an equilength of x axis and y axis (x=
y=n,n=30,40, 50 and 60 run) is assumed for a fixed length
of 30 nm for z axis.

[

Calculated
Hysteresis loop

Fig.2 Determination of coercive force (He) in a calculated
hysterests loop.
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Fig.3 Examples of technical magnetization curves for 40nm particles.
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(c) 500 calculation step,

(b) 100 calculation step,

(a) Initial state (0 step),

Bx=0.0mT. Bx=0.0mT.

Bx=0.0 mT.

(e) 60000 calculation step,  (f) 65000 calculation step,

(d) 1000 calculation step,

Bx=120 mT. Bx=180 mT

Fig4 Magnetization state of modeled sample (40 nm particle, edge X,

Bx=0.0 mT.
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Table 3 Coercivity data for small NiFe,O, particles at 4.2 K.

Particle size Crystallite size | Coercive force
A) (A) (Oe)
250:£50 250 600
800x200 400 500
1300200 500 220
X 79
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Abstract. A multi-walled carbon nanotube (MWNT) was mixed with phenol resin and consolidated
by the spark plasma system (SPS). Properties of the MWNT consolidated at 1200°C at 120 MPa
were as follows: bulk density was 1.74 g/cm’; apparent porosity was 16.3%; Young’s modulus was
11.1 GPa. Hydroxyapatite was coated on the consolidated MWNT at 1000°C and 120 MPa by SPS,
using the suspension prepared from 6 moles of CaHPQO4-2H,0 and 4 moles of Ca(OH); .

Introduction

Carbon nanotubes (CNT) consist of single-walled carbon nantubes (SWNT) and multi-walled
carbon nanotubes (MWNT) and have been attracting a lot of attention since their discovery [1]. It is
said that molecular circuit devices will be fabricated from SWNT [2]. MWNTs are composed of
various kinds of tube diameters and a number of carbon network layers. CNT are still expensive,
but the cost of their fabrication will surely decreased in the near future. Low-cost CNTs will be
used for fillers of composites and starting materials to produce structural and/or functional
compacts. Graphite is a hard-to-sinter material, and its powder can only be sintered at very high
temperatures under pressing [3]. The sintering ability of CNT is the same as that of graphite, and
advanced techniques are needed to consolidate it at lower temperatures, before the transformation
into graphite. The spark plasma system (SPS) has been developed for sintering of metal and
ceramics in the plasma and electric field [4, 5], and it is used for consolidation of various kinds of
materials such as metals, ceramics and polymers [6]. The bioactivity of graphite is not excellent.
The best way to increase the bioactivity of the consolidated MWNT is deposition of hydroxyapatite
(HA) films on it. Plasma spraying is widely used for manufacturing HA coating on Ti or
Co-Cr-based implants. However, a multitude of phase changes occurs at high temperatures of the
plasma spraying process [7]. Two compounds of 6 moles of CaHPO4-2H,0 and 4 moles of Ca(OH),
reacted at 150°C to produce HA and H;O by the hydrothermal hot-pressing method [8]. This
reaction is able to apply to HA coating on biomaterials because the reaction product is only HA
except for H»O.

In this paper, the MWNT was mixed with phenol resin in ethanol, After removing the ethanol and
decomposing the phenol resin by heating, the mixture of the MWNT and the amorphous carbon
was consolidated by SPS. The consolidated MWNT was dipped in the suspension of 6 moles of
CaHPO42H,0 and 4 moles of Ca(OH);. The two compounds reacted and bonded to the
consolidated MWNT at 1000°C at 120 MPa by SPS.

Experimental procedures

Consolidation of MWNT

CNT used for the consolidation was MWNT (NanoLab Inc., USA, 80% purity). The MWNT was
purified to remove a metal catalyst using a solution of 50% HNOj. Phenol resin was dissolved in
ethanol. The MWNTs were put in the ethanol solution. After evaporating ethanol, the phenol resin
film on the MWNT was decomposed at about 200°C in air. The coated MWNTs were put in a
graphite die and set in the spark plasma system (SPS) (Sumitomo Coal Mining, Japan, SPS-1050).
The consolidation was carried out between 1000°C and 1600°C at 120 MPa in a vacuum. In case of
the consolidation at 1000°C, the consolidation temperature was raised as follows: heating rate from
0°C to 900°C at 100°C/min, from 900°C to 980°C at 20°C/min, from 980°C to 1000°C at 5°C/min
and holding time at 1000°C for 5 min.

The microstructure of the consolidated MWNT was analyzed by a transmission electron
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microscope (JEOL, Japan, JT-007). The polished surface of the consolidated MWNT was observed
with an optical microscope (Nikon, Japan, N-01). X-ray diffraction (XRD) was carried out on the
MWNT and the consolidated one using Cu Ko line by an X-ray diffractometer (Rigaku, Japan,
Rotaflex, RU-200B). Density of the consolidated disk was determined based on Archimedes’
principle using water. Elastic modulus of disk samples (3 mm in thickness and 20 mm in diameter)
was measured by a pulse-echo overlap ultrasonic technique, using an ultrasonic detector (Hitachi
ggxélziICo. Ltd., Japan, ATS-100) and a storage oscilloscope (Iwasaki Tsushinki Co. Ltd., Japan,
1).

Coating of HA on the consolidated MWNT

CaHPO42H,0 (6 moles) and Ca(OH); (4 moles) powders (Wako Pure Chemical Ind., Japan,
reagent grade) were used to form HA films. These powders were suspended in distilled water using
glycolic acid (Wako Pure Chemical Ind., Japan, reagent grade). The consolidated MWNT (1 x 1 x 5
mm’) was dipped in the suspension and dried. The coated MWNT was put in the graphite die with
carbon powders and set in SPS. The coating of HA was carried out at 1000°C at 120 MPa in a
vacuum, The heating rate was controlled as follows: from 20°C to 900°C at 100°C/min, from
900°C to 980°C at 20°C/min and from 980°C to 1000°C at 5°C/min. The holding time at 1000°C
was 5 min.

Results and discussion
Consolidation of MWNT
An X-ray diffraction pattern of the MWNT was

similar to that of graphite (small squares in Fig. h

1). As shown in the transmission electron o Graphite
micrograph (TEM) of Fig. 2, the MWNT

consisted of varied tube diameters. The (002)

dispersion of the diameter was mainly from 10
nm to 50 nm, and a thick MWNT of 200 nm in
diameter was found among them.

The MWNT had about 20% amorphous carbon
and was not consolidated by SPS. This
amorphous carbon did not enhance the

consolidation of the MWNT by SPS. A phenol (101)

resin was added to achieve the consolidation,

and its carbon residue was of about 20%. The k l 5l!

optical micrograph revealed that the MWNT -
consolidated with the 30% phenol resin o p°o o oL
contained coarse pores. There were no coarse T VU T T U D

pores in the MWNT consolidated with 50%

phenol resin. It was considered that the addition 10 20 30 40 50 60 70 80 90
of the 50% phenol resin was adequate to obtain 20 (degree)

the dense compact. The X-ray diffraction . .
pattern of the MWNT consolidated at 1000°C Fig. 1 XRD pattern oithe MWNT consoli

was similar to those of the MWNT and graphite. dated at 1600 °C.

When the consolidation was carried out at

1200°C and at 1400°C, the (101) peak was strong compared with other ones. The pattern of the
MWNT consolidated at 1400°C was slightly different from that of the MWNT and graphite. The
difference was

emphasized on the Table 1 Density and mechanical properties of the consolidated MWNT
pattern of the MWNT

consolidated at 1600°C, Consolidation Bulk Apparent Closed Young's Poisson's
but the intensity of the temperature  density porosity porosity modulus ratio
(101) peak decreased, as (°C) fo/lem3) (%) (%) (GPa)

shown in Fig. 1. The new -
diffraction peaks did not 1000 1.67 16.7 9.6 3.05 0.62
correspond .to those of 1200 1.74 16.8 6.4 1.1 0.074
graphite. Fig. 3 shows 1400 173 156 81 101 0034

the TEM image of the
MWNT consolidated at . .
1600°C with 30% phenol resin. The MWNT was partly decomposed and converted into different
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compounds from graphite. MWNT is not decomposed
until 2400°C by heating {9]. The SPS process consists of
some effects such as the spark plasma, electric field and
others, and carbon fibers are decomposed into powders
by the SPS treatment [6]. The carbon network of the
MWNT should be partly decomposed by the spark
plasma and resulted in new structures different from
graphite.

The density and mechanical properties are shown in
Table 1. The low bulk density of the MWNT consolidated
at 1000°C indicated that the consolidation was not
accomplished. The bulk density of 1.74 g/em® was not
high and depended on the tube structure because there
were no coarse pores. The apparent porosity was almost
the same for all consolidated MWNT. The closed
porosity was calculated from the apparent Porosiry and
theoretical density of graphite (2.266 g/cnr’). Since the
theoretical density of the MWNT must be lower than that
of graphite, the closed porosity should decrease less than
the values indicated in Table 1. Young’s modulus and
Poisson’s ratio were measured on the surface where the
MWNT was aligned parallel to the pressing direction of
SPS. Young’s modulus of the MWNT consolidated at
1000°C was lower than that of the ones consolidated

1200°C and 1400°C. The Young’s modulus of 11.1 GPa
of the consolidated MWNT was not low, considering the
density of the consolidated MWNT and that of 16 GPa of
a commercial graphite product with high density of 2.0
g/em’. Given that, the Young’s modulus of human bone is
7 - 30 GPa [9], the consolidation of the MWNT could
produce the material with the low modulus. Poisson’s
ration was negative for the MWNT consolidated at
1000°C, and was very little for the ones consolidated at
1200°C and 1400°C. The negative Poisson’s ratio
indicated that the bond between the MWNTs was not
completed at 1000°C, which is consistent with the
Young’s modulus of 3.05 GPa.

The bending strength of the consolidated MWNT was
measured by a three-point bending test method, but it was
not obtained. The sample for the bending test was curved
by stress at first, and then it was fractured. Bending
strength of ductile materials like metals cannot be
measured. The consolidated MWNT behaved in the same
way as metal for bending test. Bending strength of human
bone is 50 —~ 150 MPa [9], and that of the consolidated
MWNT seemed to be lower than it. It is obvious the
strength of the consolidated MWNT is not enough for
application to human bone at the moment.

Coating of HIA on the consolidated MWNT

- l6ud-126-KaN —
EX0036 289 8K0 X300 28Bma

Fig. 3 TEM image of the MWNT
consolidated at 1600 °C.

CaHPO42H,0 and Ca(OH); were easily suspended in water compared with HA powder because
they contained an OH group or H;O. The mirror surface of the consolidated MWNT was
inadequate for HA coating. A coarse surface was prepared by polishing with SiC powders of 64 [Im.
Two suspended compounds of 6 moles of CaHPO4-2H,0 and 4 moles of Ca(OH), were coated on
the consolidated MWNT and reacted at 1000°C and 120 MPa by SPS. The reacted film was
identified as HA by X-ray diffractometry. Fig. 4 shows an optical micrograph of the consolidated
MWNT coated with HA. The HA film did not contain cracks. The coated HA seemed bonded with
the rough surface of the consolidated MWNT, although the bonding strength was not determined.
The bonding was partly based on the anchor effect of the coarse surface. It was not clear whether
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the chemical bond was associated with the bonding.
The compounds of 6 moles of CaHPQO42H,0 and 4
moles of Ca(OH), were allowed to dehydrate and
produce HA at high pressure, such as 120 MPa. HA
was not formed at 1000°C and 10 MPa from those
compounds by SPS. The reaction temperature
decreased from 1000°C to 600°C with increasing the
pressure from 120 MPa to 300 MPa [13], but the film
coated at the low temperature peeled. HA can be
formed from CaHPQ, or CaHPQ4 2H,0 at 200°C by
hydrothermal technique [10-12]. The reaction
temperature by SPS was higher than those of
hydrothermal and hydrothermal hot-pressing
methods. The hydrothermal reaction requires water
to complete the formation of HA, but SPS does not.

Conclusions

The MWNT containing about 20% of amorphous
carbon was not consolidated by SPS. Amorphous ’ )
carbon transformed from the phenol resin enhanced Fig. 4 Optical micrograph of the con-
the consolidation. The structure of the consolidated solidated MWNT coated with
MWNT was almost the same as that of graphite. The HA

MWNT in the consolidated form was aligned in the )

direction parallel to the (101) plane of graphite. The consolidated MWNT was decomposed at
temperatures higher than 1400°C. Properties of the MWNT consolidated at 1200°C and 120 MPa
were as follows: density was 1.74 g/cm3; apparent porosity was 16.8%; Young’s modulus was 11.1
GPa; Poisson’s ratio was 0.074. _

HA was coated on the consolidated MWNT at 1000°C at 120 MPa, using the suspension prepared
from 6 moles of CaHPO4-2H,;0 and 4 moles of Ca(OH);. HA was not cracked and tightly covered
the surface of the consolidated MWNT.
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SYNOPSIS

The multi-walled carbon ranotube (MWNT) was not consolidated without additives by the spark plasma system
{SPS). The phenol resin of 33 wt% was added to promote the consolidation. The MWNTs were aligned perpendicular
to pressing direction of SPS in the consolidated compact. Bulk density and Young’s modulus were more than 1.7 g/cm?®
and 10 GPa for the MWNT consolidated at 120MPa at 1200°C and 1400°C. The fracture behavior on bending test
was a kind of quasiplastic deformation and was based on pull out of the MWNTs.

KEY WORDS

Carbon nanotube, multi-walled carbon nanotube, consolidation of multi-walled carbon nanotube, multi-walled

carbon nanotube compact

1 Introduction

Carbon nanotubes (CNTs), which were discovered in
1991%, are long, slender fullerenes where the walis of the
tubes are hexagonal carbon (graphene layer) and often caped
at each end. A lot of investigations have been shown that
CNTs exhibit many superior mechanical, electric and
electronic properties over any other known material and
hold substantial promise as high-strength composites,
energy storage and energy conversion devices, sensors, field
emission displays and radiation sources, hydrogen storage
media and nanometer-sized semiconductor devices?. CNT
consists of single-walled carbon nanotube (SWNT)*¥,
double-walled carbon nanotube (DWNT)® and multi-
walled carbon nanotube (MWNT)". One of interests arises
from their formidable mechanical properties, i.e. Young's
modulus up to 640 GPa for SWNT? and up to 1800 GPa
for MWNT? and strength up to 45 GPa for SWNT?. CNT
is expensive these days, but the cost of its fabrication will
surely decrease in near future. Low-cost CNTs will be
useful for fillers of composites and starting materials to
produce structural and/or functional compacts. Graphite
is a hard-to-sinter material, and its powder can only be
sintered at very high temperatures under pressing”. The
sintering ability of CNT is the same as that of graphite, and
advanced techniques are nzeded to consolidate it at lower
temperatures before transforming into graphite. The spark
plasma system (SPS) has been developed for sintering of
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metal and ceramics in the plasma and electric field'®, and
it has been used for consolidation of various kinds of
materials such as metals, ceramics and polymers'".

In this paper, the MWNT was mixed with phenol resin
in ethanol. After removing the ethanol and decomposing
the phenol resin by heating, the mixture of the MWNT and
the amorphous carbon transformed from the phenol resin
was consolidated by SPS. Bulk density, Young's modulus,
and Poisson’s ratio were determined for the consolidated
MWNT.

2 Experimental Procedures

CNT used for the consolidation was MWNT (NanoLab
Inc., USA). Purity of the MWNT is more than 0%, and
most of impurities are amorphous carbon. The MWNT
was purified to remove metal catalysts by using 50% HNO,
solution. The novolak type of phenol resin was dissolved
in ethanol, The MWNTs were put in the ethanol solution.
After evaporating ethanol, the phenol resin film on the
MWNT was decomposed at about 200°C in air. The coated
MWNTSs were put in a graphite die and set in the spark
plasma system (SPS) (Sumitomo Coal Mining Co. Ltd.,
SPS-1050). The consolidation was carried out between
1000°C and 1600°C at 120MPa in a vacuum. In case of
the consolidation at 1000°C, the consolidation temperature
was raised as follows: heating rate from 0 °C to 900°C at
100°C/min, from 900°C to 980°C at 20°C/min, from 980°C
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to 1000°C at 5°C/min and holding time at 1000°C for 5 min.

The microstructure of the consolidated MWNT was
analyzed by a transmission electron microscope (JEOL, JT-
007). The polished surface of the consolidated MWNT
was observed with an optical microscope (Nikon, N-01).
X-ray diffraction (XRD) was carried out on the MWNT
and the consolidated one using Cu Ke line by an X-ray
diffractometer (Rigaku, Rotaflex, RU-200B). Density of

the consolidated disk was determined based on Archimedes’

principle using water. Elastic modulus of disk samples
(3 mm in thickness and 20 mm in diameter) was measured by
a pulse-echo overlap ultrasonic technique, using an ultrasonic
detector (Hitachi Kenki Co. Ltd., ATS-100) and a storage
oscilloscope (Iwasaki Tsushinki Co. Ltd., DS6411).

3 Results and Discussion

The TEM image of the MWNT is shown in Fig. 1. The
major part of tube diameters was 20—40nm, and the biggest
one rarely observed in the TEM photograph was about
200nm. Amorphous carbon was identified by TEM and
estimated less than 20 %.

The MWNTs consisting of amorphous carbon were not
consolidated by SPS, which was not activated by SPS and
did not play a roll to combine each MWNT. The phenol

Fig.1 TEM image of MWNT.

resin was added to achieve the consolidation, and its carbon
residue was of about 20%. The optical micrograph revealed
that the MWNT consolidated with the 23% phenol resin
contained coarse pores, as shown in Fig.2. Much of the
phenol resin promoted to get ride of the pores, and coarse
pore was not produced in the MWNT consolidated with
33% phenol resin, Fig. 3 shows that there was no coarse
pore on the polished surface of the consolidated MWNT.
Block patterns were observed in these photographs and
indicated a structural regularity. The MWNTs were very
roughly aligned in the block, and direction of the alignment
was different in each one. The reason why the MWNT
was ordered by SPS was not clear, but the ordered alignment
might be due to the weak interaction between MWNTSs,
SWNT forming the bundle structure by strong interaction.

TEM image of the MWNT consolidated at 1400°C is
shown in Fig. 4, The MWNTs were aligned in the plane
perpendicular to the pressing direction of SPS. The same
alignment was observed for the MWNT consolidated at
1000°C and 1200°C. The alignment was not random in

Fig2 Optical micrograph of the M
of phenol resin at 1000°C at 120 MPa for 5 min.

Fig.3 Optical micrograph of the MWNT consolidated with 33 wt%
of phenol resin consolidated at 1200°C at 120 MPa for S min.

(BB LURREE] 2825



Preparation of Multi-Walled Carbon Nanotube Compact by the Spark Plasma Sysiem (SPS) 117

Fig4 TEM image of the MWNT consclidated at 1400°C at 120
MPa for 5 min.

this plane, and some regularity was found in it. The
MWNTs tended to be in line each other in the small area.
When the regularity expanded to the large area, the block
pattern may be formed. The diameter of the consolidated
MWNT was more than 100nm and larger than that of the
starting MWNT. This growth did not occur during the
consolidation but was caused during the ion thinning

process for TEM, where argon plasma being used. The

structure of the MWNT was partially decomposed at 1600°C
by SPS, and graphite-like materials were formed, as shown
in Fig.5. However, the tube structure persisted in this
consolidated MWNT.

Fig. 6 shows X-ray diffraction patterns of the MWNT
consolidated with the phenol resin of 33% at 1000°C—
1600°C at 120MPa. The diffraction pattern of the MWNT
was measured at the same time. Diffraction angle and
intensity of graphite were pointed by open circle in Fig, 6.
The diffraction pattern of MWNT was different from that
of graphite, as shown in Fig. 6a. Several diffraction peaks
not assigned to graphite were at about 28=38° and between
20=42" and 26 =47°, and all of them was based on the
tube structure. The diffraction pattern of the MWNT
consolidated at 1000°C, which is shown in Fig. 6b, was
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Fig.5 TEM image of the MWNT consolidated at 1600°C at 120

MPa for 5 min.
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Fig.6 X-ray diffraction pattern of MWNT and the consolidated one.

slightly different from that of the MWNT. The difference
was that a small peak appeared near 28 =36, and it was
not found in the diffraction pattern of graphite. When the
consolidation temperature was raised higher than 1200°C,
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the (101) peak of graphite was strong compared with others.
X-ray diffraction patterns of the MWNT consolidated at
1200°C, 1400°C and 1600°C are shown in Figs. 6¢, 6d and
6e, respectively. The X-ray diffraction was measured on
the plane perpendicular to the pressing direction, and the
MWNTs were parallel aligned in it. It was revealed that
the tube of the MWNT was made of rolled-up sheets of the
(101) plane. The (101) peak was not clear on the MWNTs
which were not consolidated. On the other hand, the
MWNTs were closely connected in the dense MWNT, and
X-ray diffracted through the several MWNTs. The
difference from graphite was emphasized on the diffraction
pattern of the MWNT consolidated at 1400°C, as shown in
Fig.6e. New diffraction peaks, which were not assigned
to graphite, appeared between 20 =30" and 26=42". [tis
obvious that decomposition of the MWNT started at 1400°C.
The intensity of new peaks became strong for the MWNT
consolidated at 1600°C, and the decomposition progressed
further. The MWNT was converted into different compounds
from graphite. MWNT is not decomposed until 2400°C by
heating'®. The SPS process consists of some effects such
as the spark plasma, electric field and others, and carbon
fibers are sectioned into powders by the SPS treatment”.
Graphen layer of the MWNT was decomposed by the spark
plasma and resulted in structures different from graphite.
The bulk density and mechanical properties are shown
in Table 1. The low bulk density of the MWNT consolidated
at 1000 °C indicated that the consolidation was not
accomplished. The bulk density of 1.74 g/cm’ was not high
and depended on the tube structure because there was no
coarse pore. The apparent porosity was almost the same
for all consolidated MWNT. The closed porosity was
calculated from the apparent porosity and theoretical density
of graphite (2.266 g/cm®). Since the theoretical density of
the MWNT must be lower than that of graphite, the closed
porosity should decrease less than the values indicated in
Table 1. Young's modulus and Poisson’s ratio were
measured on the surface where the MWNT was aligned
parallel to the pressing direction of SPS. Young’s modulus

Table T Bulk density and properties of the MWNT consolidated at
120 MPa for 5 min.

Consolidation Bulk  Apparent Closed Young's Poisson's
temperature  density porosity porosity modulus ratio

() @om®) (%) (%  (GPa)

1000 1.67 16.7 96 3.05 -0.62
1200 1.74 16.8 6.4 1.1 0.074
1400 173 15.6 8.1 10.1 0.034

of the MWNT consolidated at 1000°C was less than that of
the ones consolidated 1200°C and 1400°C. The Young’s
modulus of 11.1 GPa of the consolidated MWNT was not
little, considering 16 GPa of a commercial graphite product
with high density of 2.0g/cm’. Poisson’s ratio was negative
for the MWNT consolidated at 1000°C, and was very little
for the one consolidated at 1200°C and 1400°C. The
negative Poisson’s ratio explained that the bond between
the MWNTs was not completed at 1000 °C, which is
consistent with the Young’s modulus of 3.05GPa. The
little Poisson’s ratio was explainable that the MWNTs were
not tightly connected each other by the amorphous carbon,
which being converted from the phenol resin and did not
result in strong graphite at 1000°C—~1600°C.

Bending strength of the consolidated MWNT was
measured by a three-point bending test method but was not
obtained. The sample for the bending test was curved by
stress at first, and then it was fractured. This behavior was
a kind of quasiplastic deformation. The consolidated
MWNT behaved in the same way as plastic deformation of
metal.

SEM image of the fractured surface of the MWNT
consolidated at 1000°C is shown in Fig. 7. Most diameter
of the MWNTs was not larger than 20-40nm, and the
growth of them did not occur during the SPS consolidation.
The majority of the MWNTSs were pulled out, and it was
hard to find cross sections of the MWNTs which were

Fig.7 SEM image of the MWNT consolidated at 1000°C at 120
MPa for 5 min.
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Fig.8 SEM image of the MWNT consolidated at 1200°C at 120
MPa for 5 min.

ruptured during the bending test. The consolidation at
1200 °C resulted in a different fractured pattern. The
fractured smooth surface and cross section were observed
in Fig. 8. The MWNTSs were connected more tightly at
1200°C than at 1000°C, and some of them were cut. The
similar SEM image was given by the MWNT consolidated
at 1400°C. There were a lot of pulled-out MWNTSs in these
two fractured surfaces, because the bonding amorphous
carbon was weak compared with the MWNT. The pull out
phenomenon corresponded to the quasiplastic deformation
on the three point bending test.

4 Summary

The MWNT was consolidated with the amorphous carbon
converted from the phenol resin by SPS. The consolidated
MWNTs were aligned in the plane perpendicular to the
press direction of SPS in the consolidated compact. The
alignment was not random in the plane, but the MWNTSs
tended to be in line in small area. The tube was rolled up
with the (101) plane of graphite, being conformed by X-ray
diffraction pattern of the consolidated MWNT. Bulk
density and Young’s modulus were more than 1.74 g/cm?
and 11.1 GPa for the MWNT consolidated at 1200°C at
120MPa. The fracture behavior on the bending test was a
kind of quasiplastic deformation and based on pull out of
the MWNTs.
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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 corrosion resistance {1]. However, when embedded in the
body, a fibrous tissue capsules the implant isolating from the surrounding bone forms,

Some bioactive ceramics such as hydroxyapatite, bioglass and glass ceramics can directly bond to living
bone when used as bone replacement materials [2]. Hydroxyapatite ceramics with formula Ca,o(PO,)(OH),
(HAp) are biomaterials which have been extensively developed recently [3]. In the preparation procedures
employed to date, HAp powder was molded first, and then sintered at high temperatures over 1,300°C [4].
The mechanical properties of bulk HAp 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 for teeth root, hip, knee and shoulder joint replacement. Therefore, HAp is used as coating materials
of those prostheses surface in order to prepare bioactive layers on titanium and its alloys. The HAp surface
improves the fixation of implants by the growth of bone into the coating, forming a mechanical interlock.

Plasma spraying techniques have traditionally been used in process of hydroxyapatite coating[5].
However, this high temperature method results in a number of significant problems, including phase and
chemical decomposition of the HAp, absence of a chemical interface/bond between the HAp coating and
substrate. ‘

We have recently reported a new HHP method for bonding HAp ceramics and Titanium {6]. The
hydrothermal reaction of calcium hydrogen phosphate dihydrate (CaHPO, 2H,0; DCPD) and calcium hy-
droxide (Ca(OH);) occurs in a liquid phase as follows:

6CaHPO, 2H,0 +4Ca(0H), — Capo(POy){(OH), + 18H,0 ()

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 synthesis of HAp,
the solidification of HAp and the joining HAp to metal can be achieved simultaneocusly under the hydro-
thermal condition. ) ‘

Recently, it was reported that Ti surface treated with NaOH solution had the ability of joining to HAp
directly by a biomimetic method {7].This report describes the effects of alkali solution treatment to Ti on the
HAp/Ti interface properties produced by hydrothermal hot-pressing (HHP) method.

Experimental _

Firstty DCPD used as a starting powder was prepared by mixing 1.0M calcium nitrate solution
(Ca(NO); 4H,0 ; KANTO CHEMICAL CO., INC,, 99.0%) and 1.0M diammenium hydrogen phosphate
solution ((NH,),HPO, ; KANTO CHEMICAL CO., INC., 98.5%). The mixing was carried out at @ room
temperature {approximately 20°C). The precipitate from the mixture was filtered and washed with deionized
water and acetone. The washed filter cake was oven-dried and then ground to a powder,

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 with alkali solution(5M NaOH). The conditions of alkali solution
treatment were shown in Tablel. The conditions of A and B were respectively the same conditions in
reference [7]. The condition of A was Ti disks immersed in N2OH solution for 24h. The condition of B was Ti
disks were put the heating 600°C after the immersion additionally. The condition of C was utilized the
solvo-thermal reaction of NaOH. After these NaOH solution treatments, the Ti disks were washed by
deionized water, and then dried in air. In order to characterize the titaniom surfaces, the surfaces were
observed using scanning electron microscopy (Hitachi FE-SEM $-4300) and examined using FT-Raman
spectroscopy. The microprobe instrument used for the FT-Raman spectroscopy consisting of a JOBIN
YVON-SPEX spectrometer fitted with a microscope (OLYMPUS-BX40) which allows a spatial resolution on
the sample close to 1uym. The 632.8nm line of an He-Ne laser was used as excitation, focused in a spot of
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