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Fig4 TEM image of the MWNT consolidated 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
28=42"and 20=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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Fig6 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 268 =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. 6c, 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 MWNTSs
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 28 =30" and 26=42". Itis
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 1 Bulk density and properties of the MWNT consolidated at
120MPa for 5 min.

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

*c) {gfiem®} (%) (%) (GPa)

1000 167 167 9.6 305  -062
1200 174 168 64 11.1 0.074
1400 173 156 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 MWNTSs was not completed at 1000 °C, which is
consistent with the Young's modulus of 3.05 GPa. 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 quastiplastic 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 MWNT3 were pulled out, and it was
hard to find cross sections of the MWNTs which were
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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 MWNTs 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 MWNTS 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
MWNTSs were aligned in the plane perpendicular to the
press direction of SPS in the consolidated compact. The
alignment was not randem in the plane, but the MWNTs
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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SYNOPSIS

A computer simblation has been made for a caleulation of technical mugnes:zation curves of magnetic small
particles in nanometer scals by assuming surface anisotrapy acting in additon 1o existing magneto-crystalling anisotropy
in bulk (a particle body). A particle shape madeled is a cylinder, in which a varable particle size of 30, 40, 50 and 60 nm
in diameter with a fixed height of 30nm for each is vonsidered, Micro-magnenc culeulitions, based on Landau-
Lifshitz-Gilbert equation, indicate an enhanced coercivily for a magnetic single-damain particle with the smaller
particle size and also with the suonger surface anisotropy acting there, in accond with the r\istin'g coercivity daia for

varions materals in small particle formns,
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Fig.3 Examples of techaical magnetization curves for 40nm particles.
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(h) 100 calculation step, (¢) 500 calculation step.
Bx=0.0 mT, Bx=0.0 mT. Bx=0.0 mT.

(d) 1000 calculation step,  (e) 60000 calculation step, () 65000 calculation step,
Br=0.0 mT. Ba=120 mT. DBxy=130 mT.

Figd Magnetization state of modeled sample (40 nm particle, edge K; =45 10 Jim’
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Table 3 Coercivity data for small NiFe:Oy particles at 4.2 K.
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Magnetic Hardening by Surface Magnetic Anisotropy in Nanometer Particles
and Its Verification by Computer Simulation
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Ishinomaki Senshu University. School of science and engineering, Ishinomaki, Miyagi, Japan

A computer simulation has been made for the 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 calculated particle shape is for
an ellipsoid, in which an equilength of each axis (x=y=7=n nm) is assumed for three different
particle sizes (#=30, 40 and 50 nm). Micro-magnetic calculations, based on Landau-Lifshitz-Gilbert
equatton, 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 matenals in small particle forms.
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Table | Coercivity data for small NiFe-Q,
particles at 4.2K.

Particle size | Crysta!lmc size | Coercive force
A A (O¢)
250%50 250 600
800+200 400 500
1300+ 200 500 220
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B £ 512, Landau - Lifshitz - Gilbert
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K1) 2, -5TWnaE LA HEHF4 7Ty
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£S
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YmP DBREHI BT D, FEAOBIKIEL 270,07 TiongT e,

Table Il The value of material-parameters.

Matenial-parameters Value
Saturation magnenzauon (Afs [A/m]) 1. 70E+06
Exchange suflness ‘_.Aill-";;ll) 2.10E-11
Crystaftine anssotropy co;s:am iK1[)m) 4.80E4
Surface crvaralime -:.r%a&m:op) constant Variable
fedee K1iim'|
AmoTops Bpe uniaxial

cellsize:Inm x Inm X nnm

T

Z:.hnm

X:nnm
Fig. 2 A core-shell model of a magnetic particle.
A parnele shape is ellipsoid, in which an

equilength of zach axis (x=y=z=n nm, #=30~50
nmj 1s assumad.
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Fig. 6 DFER LY, B—BXETOR edge K1 [/m]
OB YRIETIZEYOREREE Y Fig. 6  Calculated coercivity He for various
© edge KI.
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Mechanical Properties of Single-Walled Carbon Nanotube Solids
Prepared by Spark Plasma Sintering

Go YAMAMOTO*, Yoshinori SATO, Toru TAKAHASHI,
Mamoru OMORI, Kazuyuki TOHJI and Toshiyuki HASHIDA
* Graduate School of Engineering, Tohoku University,
6-6-01 Aramaki Acbha, Aoba-ku, Sendai-shi, Miyagi, 980-8579 Japan

In this paper, a spark plasma sintering (SPS} method was employed to solidify single-walled
carbon nanotubes (SWCNTs) onily, and the effect of sintering conditions on the mechenical prop-
erties of the SWCNT solids were examined using a small punch (5P) testing method. The sintering
temperature used in the range of 600-1 400°C, and the sintering pressure used 40 MPa and 120 MPa.
It was demonstrated that the SPS method allowed SWCNTSs to be solidified, without any additives.
The experimental results showed that the purification of raw soot was critically importance. The
SWCNT solid prepared from purified raw soot showed significant non-linear deformation response,
producing quasi-ductile fracture behavior. In contrast, unpurified raw soot produced brittle SWCNT
solids. The Young's modulus, fracture strength and work of fracture increased with increasing
sintering temperature and pressure. The Raman scattering and SEM observations showed that the
amount of the graphite-like materials were observed to increase with the increasing temperature and
pressure, which indicate that the structure of the SWCNTs was changed partially into the graphite-
like materials. The formation of graphite-like materials increased tendency of brittle fracture in the
SWCNT sclids. TEM observations revealed that the fracture surfaces of SWCNT solids were
characterized by pull out of SWCNT bundles. This observation suggests that it may be possible to
improve the mechanical properties of SWCNT solids by increasing the cchesion between SWCNTs.

Key Words: Single-Walled Carbon Nanotube, Spark Plasma Sintering Method, Small Punch
Testing Method, Young's Modulus, Work of Fracture
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Table I Processing conditions of SWCNT solids prepared by spark plasma sintering.

Sintering Sintering Holding
Materials temperature (°C) pressure (MPa) time (min}
Un-purified SWCNTs 1000 120 5
Purified SWCNTs 600-1400 40, 120 5
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Fig. 7 Crack propagation of the unpurified SWCNTSs (left) and Purified SWCNT's (center). Schematic illustration
of the fracture path in the purified SWCNTS in also shown (right}.

Table 2 Processing conditions and mechanical properties of unpurified SWCNTSs and purified SWCNTSs prepared

by spark plasma sintering.

Bulk density ~ Young’s modulus Esp  Work of fracture Jse
Materials Processing conditions (Mg/m¥) (GPa) {N+mm)
Unpurified SWCNTs 1000 C,120MPa 0.74 1.4
Smin
Purified SWCNTs 1000 C,120MPa 0.66 17.3
Smin
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Fig. 9 Fracture behavior of SWCNT solids.
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Fig. 12 Nommalized R (G-band/D-band) of SWCNT solids
as a function of sintering temperature.

Eats,

Fig. 13 SEM photograph of the fracture surface of SWONT
solids. (Processing conditions : 1200°C, 120MPa)

Fig. 14 TEM photograph of SWCNT solid. (Processing
conditions : 600°C, 120MPa)

Fig. 15 TEM photograph of fracture surface of SWCNT
solid. (Processing conditions : 600°C, 120MPa)
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Fig, 16 TEM photograph of fracture surface of SWCNT
solid. (Processing conditions : 1400°C, 120MPa)
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