#142

#143

#144

#145

#146

#147

#148

#149

#150

#151

#152

#153

#154

#155

#156

#157

#158

#159

#160

#161

#162

#163

#164

#165

MRS—]

Transactions of the Materials Research Society of Japan

Volume 34 Number 4 December 2009

CONTENTS

Measurement of X-ray CTR Signals from GaN/GalnN/GaN a High Temperatures Using Newly Developed Measurement
] )1 585
Y. Takeda, T. Mizuno, H. Kamiya, K. Ninoi, and M. Tabuchi

Development of New X-ray CTR Scattering Measurement System Using Johansson Monochromator .........ccccceeveiuennnnes 589
Masao Tabuchi, Hiroshi Tameoka, Tatsuya Kawase, and Yoshikazu Takeda

Study on accumulation process of As atoms in InP/GalnAs/InP hetero-structures ...........cccoeevveiiiiiiiiiiiiiiininiinninenn, 593
Masao Tabuchi, Akiko Mori, Hiroshi Tameoka, Katsunori Fujii, and Yoshikazu Takeda

Quantitative Analysis of the Strain Field beneath the Si;N.,/Si(001) Interface Formed by the Xe/NH; Plasma Nitridation

using a Multiple-Wave X-ray Diffraction Phenomenon ..........ccocoiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiicittiecieciecacnees 597
Wataru Yashiro, Yoshitaka Yoda, Takashi Aratani, Akinobu Teramoto, Takeo Hattori and Kazushi Miki

X-ray Optics with Small Vertical Divergence and Horizontal Focusing For an X-ray Standing-wave Measurement ......... 601
Osami Sakata, Togo Kudo, Hiroaki Yamanaka, and Yasuhiko Imai

Development of novel oxide multilayer mirrors at "water-window' wavelengths by atomic layer deposition / atomic layer
15 0] U N 605
Hiroshi Kumagai, Yuji Tanaka, Yusuke Masuda, Tsutomu Shinagawa and Ataru Kobayashi

Design of novel titanium oxide/nickel oxide multilayer mirror for attosecond soft X rays .......cccoceviiiiiiiieiiiiiniiiiecnnnne. 609
Hiroshi Kumagai and Yusuke Masudai
Study of thin-film thickness and density by high-resolution Rutherford backscattering spectrometry and X-ray reflectivity 613

Amane Kitahara, Satoshi Yasuno and Kazuhisa Fujikawa

Non-destructive analysis on oxidation states of Ti atoms in the passivation film formed on SUS321 using hard X-ray
PhotOElECtrON SPECLIOSCOPY tuvueuriuininiiiieiuitiiiitietitttitietttttttttetttatatteeettasststsessessatsesesesassssesesssssssssncsesscassens 617
Shin Takahashi, Mitsutoshi Yokomizo, Masugu Sato, Masatake Machida and Son Jin-Young

Development of femtosecond X-ray source in helium atmosphere with millijoule high-repetition-rate femtosecond laser ... 621
Masaki Hadaand Jiro Matsuo

Measurement of crystallization temperature of Pd-based amorphous alloy thin film by energy dispersive X-ray
e T 1) 1T 627
Tokujiro Yamamoto, Kouichi Hayashi, Kosuke Suzuki, Masahisa Ito, Hisamichi Kimura and Akihisa Inoue

X-ray specular and off-specular reflection from a protein adsorbed at a liquid surface ..........ccccoeveiuiiiiiiiiiiiiiiiiinenann, 631
Yohko F. Yano, Tomoya Uruga, Hajime Tanida, Hidenori Toyokawa, Yasuko Terada, Masatumi Takagaki, and Hironari Yamada
X-ray Reflectivity Evaluation of the Thermal Cycling Effects in Methylcellulose Thin Films ........ccccviiiiiiiiiiniiiiiiinnann. 639

Vallerie Ann Innis-SAMSON and Kenji SAKURALI
Spall Fracture of Metallic Aluminum Induced by Penetration of Liquid Gallium-Indium Alloy and Moisture at Room

TEMPEIALUIE cuviviiniitieitiitiieiieitintietteieittietetseteeiecsetsesessecseesessssscssssssssssssesssssssscsssssssssssssssssscsssssssssssnssssnss 643
Mari Mizusawa and Kenji Sakurai

Orientation Characteristics of a Slit Carbon Plate used as an RF Electric Shielding .........c.cccooiiiiiiiiiiiiiiiiiiiinn.. 647
Tokoh Nishikubo, Hiroki Endo and Mineo Itoh

Electromagnetic Wave Absorption by Rice Hull Carbomn .........ccociiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiin i nececaeaenes 651
Mitsuhiro Kaneta, Takeshi Takahashi, Tomoyuki Kanaya and Hiroshi lizuka

Production of Titanium Oxide Layers on Woodceramics by Plasma Thermal Spraying .........c.cccooeviiiiiiiiiiiiiiiniiecnnnnn.. 655
Akira Hashimoto, Akito Takasaki, Susumu Uematsu and Toshihiro Okabe

Study on Utilization of Cutting Chips of Wo0d Ceramics .......ccoceiiiiiiiiiiuiiiiiiiiiiiiieiiiiiieiieiiiistieciecseisciecccacnses 659
Kazuhiko Ogawa and Toshihiro Okabe

Carbon Electrode from Carbonized Wood for Polymer Electrolyte Fuel Cell ...........cccoceiiiiiiiiiiiiiiiiiiiiiiiiiiiiienenan, 663
Masashi Fujisawa, Yasuji Kurimoto, Yuji Imamura and Hirai Kikuchi

Electromagnetic Shielding in Rubber Composite Materials with Soy Hull Carbon Particles .........ccccoivuiiiiiiiiiiinenennnn. 667
Michiaki Shishido, Taku Ogawa, Hiroyuki Goto, Takeshi Takahashi and Hiroshi lizuka

Change of Elastic-Plastic Behavior on Compressive Deformation by Densification of Wood ..........cccccviiiiiiiniiiiiiiinanns 671
Ohtani Tadashi

Hydrogen Desorption Properties of Woodceramics ........ccocviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiitiieieiiiectenenetacacaenes 675
H;28;Hydrogen Desorption Properties of Woodceramics;Akito Takasaki and Toshihiro Okabe

Functionality Control of Lignophenol by Demethylation of Methoxyl group -Successive Structural Conversion of Syringyl

BN T 0 T 1T 0] 11 1 U0 N 679
Keigo Mikame and Masamitsu Funaoka

Influences of Lignophenol-Derivatives on Performances of Photo-Chemical Cells ...........cocvuiiiiiiiiiiiiiiiiiiiiiiiiiinininnan, 683
Mitsuru Aoyagi, Nao Umetani and Masamitsu Funaoka



#166

#167

#168

#169

#170

#171

#172

#173

#174

#175

#176

#177

#178

#179

#180

#181

#182

#183

#184

#185

#186

#187

#188

#189

#190

#191

#192

Separation by Molecular Weight during Purification Process of Lignophenol ............c.cccccoiiiiiiiiiiiiiiiiiiiiiiiiiiinnn. 687
Mitsuru Aoyagi and Masamitsu Funaoka

Preparation of Novel Lignophenol-based Polymers using Cellulose Fibers as Vanishing Reaction-Supports .................. 691
Mitsuru Aoyagi, Satoko Yonekura, Chika Miyasaka and Masamitsu Funaoka

Pre-processing by Shock Loading for Freeze-drying........ccceovuiuiieiiiuiuiiiiiiiiuiiiiiiiiiiiiiiiiiieiiineniietisaeenenesasacnsncnes 695
Toshiaki Watanabe, Ayumi Takemoto, Daisuke Sawamura, Yusuke Yamashita, Hironori Maehara and Shigeru Itoh

Properties of Humidity-Controlling Charcoal Produced from Wood Waste ........cccciviiuiiiiiiiiiiiiiiiiiiiiiiiieiiiiniieiecneens 699
Takahisa Nakai, Kentaro Abe, Tadashi Ohtani and Yuuji Ishitobi

Development of Smokeless Carbonization and Combustion Technique Aiming at Versatile Use of Woody Biomass ......... 703
Kiyotoshi Ogami, Ginji Sugiura, Takemichi Tsurumi and Osamu Kobayashi

Bending Creep of Sugi Glulam with Low Young's Modulus Laminae for the Inner Layer .......c.ccccceveveiiiiiiiiniinienannne. 707
Shiro Aratake, Akihiro Matsumoto, Hideki Morita and Takanori Arima

Analysis of Allergy from The Standpoint of Ecology - Safety and Clinical Use of Hinokithiol Derived from Aomori Hiba ... 711

Fumiko Juji, Shigetoshi Kobayashi, Tsutomu Iwata, Yutaka Morita, Hidemi Nakagawa, Tooru Fukui, Yoshihiko Inamori and
Toshihiro Okabe

New Utilization Method of Essential Oils from Woody Biomass .........ccoeieiiiuiuiiiiiiiiuiiiiiiiiiiiiiiiiiiiiiiennncraenenenes 715
Yoshito Ohtani, Pornpun Siramon, Rini Pujiiarti and Hideaki Ichiura

Cellulose / Copper Blend and Porous Copper Prepared by Mechano-Chemical Treatments .........ccccooeiiieiiiiniiniieinenne 719
Hitomi Miyamoto, Chisato Ueda, Chihiro Yamane, Mariko Ago, Kunihiko Okajima, Takashi Endo and Makiko Hattori

Potential of Bamboo Forest as Molecule Forming Field ..........ccooiiiiiiiiiiiiiiiiiiiiiiiiiinin e 723
H;75;Potential of Bamboo Forest as Molecule Forming Field;Hao Ren and Masamitsu Funaoka

Potential of Herbaceous Lignocellulosics as Industrial Raw Materials ..........cccoieiuiiiiiiiiiiiiiiiiiiiiiiiiiniiiiinnenae, 727
H;79;Potential of Herbaceous Lignocellulosics as Industrial Raw Materials;Hao Ren and Masamitsu Funaoka

New EFB Refining System Using Structural Units of EFB Lignin ......cccccoiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiniienece. 731
Takanori Shinano, Masamitsu Funaoka, Yoshihito Shirai and Mohd Ali Hassan

Response of Lignophenols for Oxidation and Reduction SyStems ...........ccooiuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiinn e, 735
Shimpei Horii and Masamitsu Funaoka

Rearrangement of Lignin Polymer Network with Lignin Precursors .......c..cccovuviiiiiiiiiiiiiiiiiiiiiiiiiieiiieiiiiineienecneee.. 739
Maiko Okura and Masamitsu Funaoka

CO, adsorption/desorption on mesoporous silica at various PreSSUIes ........o.ocoeieveiuiiiiiieiuiniiiiiieieiaiiiiiieretacerieneneaes 743
Ryosuke Nakanishi, Masaya Suzukil, Keiichi Inukai, Masaki Maeda

Hydrogen Generating Gel Systems Induced by Visible Light and Application to Artificial Photosynthesis ..................... 747
Kosuke Okeyoshi and Ryo Yoshida

Low Driven Voltage Electrochromic Devices Using Aqueous Polyaniline/poly(4-styrenesulfonic acid) ..........coceeveininenine 751
Atsushi Aoki and Maiko Yoshida

The Hall effect measurement in the high resistance In,0;-ZnO polycrystalline films .........cocociiiiiiiiiiiiiiiiiiiiiiiiininin 755
K. Yamada, T. Yamaguchi, N. Kokubo, B. Shinokazi, K. Yano, H. Nakamura

Dependence of Size of Liquid Phase Pulsed Laser Ablated ZnO Nanoparticles on pH of the Medium .........c.c.ccceveeneenenn. 759
P.M. Aneesh, Arun Aravind, R. Reshmi, R.S. Ajimsha and M.K Jayaraj

Hydrophilicity Switching of Silica Surface Incorporated with Thermoresponsive Polymer...........c.cccooviviiiiiiiiiinnnan.. 765
Takeshi Higuchi, Wataru Tanji, Tadahiro Aita and Shimio Sato

Electrochemical Properties and Microstructure of C/LiFePO, Powders Prepared by Spray Pyrolysis .........ccccocvuvuininines 769
Motofumi Yamada, Koji Egawa, Takashi Ogihara and Takayuki Kodera

Synthesis and Properties of Nitrogen Atom Encapsulated Fullerene .........cccccoeiuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiienecnennes 773
Jamal Uddin Ahamed, Sunao Miyanaga, Toshiro Kaneko and Rikizo Hatakeyama

Polar Coincident Site Lattice Figure - Multiple Domain Growth of Bismuth Cuprate Superconducting Film .................. 777
S. Kaneko, K. Akiyama, Y. Hirabayashi, T. Ito, Y. Motoizumi, K. Yoshida, T. Horiuchi, M. Soga, M. Yasui, M. Kano, M.
Kumagai, H. Funakubo and M. Yoshimoto

Magneto-Resistance Effect in y '-Fe,N/CrO; Granular SyStem ......ccccoviieiiiiiiiiiieiiiiiiiiiieiiiiiiiiiieiiiiiiiieiecieieieciecnens 781
Ryota Taninoki, Yuya Konishi, Masatomo Uehara and Yoshihide Kimishima

Texture and Formability of Heat-treatable Magnesium Alloy Sheets Processed by Differential Speed Rolling.................. 785
Xinsheng Huang, Kazutaka Suzuki, Akira Watazu, Ichinori Shigematsu and Naobumi Saito

Low Temperature Preparation of TiO, Films by RF Magnetron Sputtering Method .........cc.cccoiiiiiiiiiiiiiiiiiiinininanae. 789
Masaaki ISAI, Tatsuya ENDO, Yuichi MIZUCHI

Characterization of Si;N, —TiN Composites Prepared by Spark Plasma Sintering ...........cccooiiiiiiiiiiiiiiiiiiiiiiininennnae. 793

Norhayati Ahmad, Kozo Obara, Soichiro Sameshima, Hidekazu Sueyoshi



Transactions of the Materials Research Society of Japan

34[4] 585-588 (2009)

Measurement of X-ray CTR Signals from GaN/GalnN/GaN at High Temperatures
Using Newly Developed Measurement System
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A combined system of laboratory X-ray CTR scattering measurement and MOVPE growth
facility was set up and CTR measurement on GaN/GalnN/GaN heterostructure was conducted at
room temperature and high temperatures up to 1000 °C. Clear CTR signals and composition

profiles were obtained even at 1000 °C.

Key words: CTR, MOVPE, Laboratory X-ray, GaN/GalnN/GaN, High temperature

1. INTRODUCTION

In our previous papers, we reported the design and
setup of the laboratory level X-ray CTR (crystal
truncation rod) scattering measurement system and
successful measurement of the CTR signals from
InP/GalnAs/InP and GaN/GalnN/GaN heterostructures
at room temperature within 100 min. The
improvements made were to use a multi-layered
focusing mirror and an asymmetry-cut double-crystal to
collect and squeeze the X-rays from the rotating target
X-ray source and to use slits between the sample and the
detector to avoid stray X-rays [1-2].

Our intention is to investigate the growth process of,
for example GaN/GalnN/GaN, using the monolayer-

Carrier
Hgasas
l_;

sensitive X-ray CTR scattering. The MOVPE
(metalorganic vapor phase epitaxy) reactor with two Be
windows was installed to the laboratory X-ray system
[1].

In this paper, we report the proper operation of the
measurement system with the reactor installed and the
X-ray CTR scattering measurements on the
GaN/GalnN/GaN heterostructure at as high as 1000°C.

2. REACTOR AND STAGE

Though a picture of the X-ray system and installed
reactor was shown in our previous paper [1], some
details of the reactor structure and the XYZ-stage are
described here. Fig. 1 shows the side view and front

Side view

Front view

Fig. 1 Side view and front view of reactor and XYZ-stage for positioning the susceptor surface
to the X-rays, while the reactor is fixed. Be windows are used for the X-ray path through the
reactor. The inset is to show the susceptor and heater inside the reactor.
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view of the reactor and stage. The reactor part is fixed
at a proper position to the X-ray source and detector and
there is no freedom for the reactor to be adjusted
because pipes for gas introduction and tubes for
pumping are fixed to reactor.

To adjust the sample position against the incoming
and outgoing X-rays, an XYZ-stage was set to move the
susceptor and heater part through a flange connected by
a flexible tube to the reactor as shown in the inset of Fig.
1. The Z-stage is essential for sample positioning and
is tough enough to support the XY-stage from the
pulling-up force when the reactor was pumped to
vacuum. The thickness of the Be window was 0.3mm.
The intensity lowered to 85% of the original one due to
the two Be windows.

3. HIGH TEMPERATURE MEASUREMENTS
3.1 S/B ratio

First of all, it is well anticipated that the thermal
diffuse-scattering (B: background) increases and the
CTR scattering intensity (S: signal) decreases at higher
temperatures. To find whether the S/B ratio is high
enough to measure the CTR scattering profile at higher
temperatures, we measured the temperature dependence
of the CTR peak intensity (at around 1.95 in Fig. 4) and
thermal  diffuse-scattering  intensity  using  the
GaN/GalnN/GaN wafer on sapphire substrate as shown
in Fig. 2. In the temperature-change process it was
necessary to wait for about 50 min until the susceptor
and heater expansions were stabilized. The sample
height was adjusted by the Z-stage.

The temperature dependence of the S/B ratio is shown
in Fig. 3. The experimental data are shown by (*).
The calculation of S was made using a standard

diffraction intensity where the Debye-Waller
factor

Socexp(—2M) (1)
is the most temperature-dependent. M is a
function of Op/T where ©Op is the Debye
temperature. The thermal diffuse-scattering

intensity (B) is proportional to the temperature T
and the Debye-Waller factor as
BocT: exp(—2M) )
when T> ®p. Then, S/Bec 1/T when T> ®p and
S/B=Constant when T< @p (®p=600K was used.).
In the comparison, the S/B values by experiments
and by calculation were normalized at RT(300K).
Considering those temperature dependent factors
and using the intensity at RT as the initial value,
the temperature dependence of S/B (e) was
calculated.

At 1000°C (1273K) the ratio decreased to half at RT.
The decrease of the S/B ratio is mostly caused by the
increase of B that is the thermal diffuse-scattering.

Fig. 4 shows the CTR spectra measured at RT for
100min, at 1000°C for 100min, and at 1000°C for
200min. The backgrounds (mostly due to the thermal
diffuse-scattering) are subtracted. To increase the S/B
ratio at 1000°C the CTR scattering was measured for
200min. The spectrum quality looks better than that at

Signal/Background ratio

X-ray intensity [a. u.]

Fig. 2 Sample structure to measure
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Fig. 3 The temperature dependence of S/B

ratio from the sample (@) shown in Fig. 2.
a calculation changing the
temperature dependent parameters in the
CTR scattering and the thermal diffuse-
scattering. The intensities at RT (300K)
were used as initial values.
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Fig. 4 CTR spectra at RT measured for
100min, at 1000°C for 100min, and at
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RT for 100min.

3.2 Spectra at high temperatures and curve-fitting
Two different wafers, as shown in Fig. 5, were used to

measure the temperature dependence of the CTR spectra.

Measured CTR spectra at several temperatures and at
RT before and after the heating are shown in Fig. 6 in
the case of GaN/GaInN/GaN on sapphire substrate.
Fig. 7 is the similar spectra from GalnN/GalnN/GalnN
on GaN substrate. Gray lines in both figures are the
best-fit curves.

The fitting results were better in the case of
GalnN/GalnN/GaInN on GaN substrate. It is visually
clear and also indicated by the R-factor values in both
figures. There was curving of the wafer of
GaN/GalnN/GaN on sapphire substrate probably due to
the difference in the thermal expansion coefficients
between GaN and sapphire, even at RT, and should
change with temperature. In the calculation those
effects were not included (curving should be
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SaNg0nm Ga, ggIn, o, N 10nm

G, 5 M15,,N Snm Ga gln, 4,N 3.5nm|

GaN buffer 1.5um Gay gl ,,N 10nm

LT-buffer

. GaN
Sapphire Substrate
Substrate

Fig. 5 Two different wafers (left;
GaN/GalnN/GaN on sapphire substrate and
right;  GalnN/GalnN/GalInN  on  GaN
substrate), used for temperature dependence
measurements of the CTR spectra.

10" ; : : .
19 | , .
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Fig. 6 CTR spectra from T \ ’
GaN/GaInN/GaN on sapphire o, : \ -
substrate at several z 3 & . S rinisi e 0
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Fig. 7 CTR spectra from
GalnN/GalnN/GalnN on GaN
substrate at several
temperatures and at RT before
and after heating. Gray
curves are best-fit curves to
each spectrum. R-factor
indicates the fitting quality.
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temperature-dependent since the velocity of the misfit
dislocations is also temperature-dependent) and they
may affect the fitting quality.

3.3 Composition profiles

Indium (In) composition profiles are shown in Figs. 8
and 9. Fig. 8 shows In composition profiles in
GaN/GalnN/GaN on sapphire substrate at RT before
heating and at 1000°C obtained from Fig. 6. Fig. 9
shows In composition profiles in GalnN/GalnN/GalnN
on GaN substrate at RT before heating and at 800°C
obtained from Fig. 7.

In both cases, there looks no significant difference
between profiles at RT and at high temperatures. In
compositions at peak are much lower, in both cases, than
those designed (In compositions in Fig. 5 are those

0 T T T
= RT (Before heating)
—1,000°C

201
—
=
@ &
8 40r ;
=]
7]
% L
E 60 .
it L
=1
o}
o
80t .
i I | L
0 002 0.04 006 0.08 0.1
In composition
Fig. 8 In composition profiles in

GaN/GalnN/GaN on sapphire substrate at
RT before heating and at 1000°C obtained
from Fig. 6.

4. SUMMARY

A detailed structure of the reactor and the XYZ-stage
installed in the X-ray diffraction measurement system
was described, and the proper operation of the whole
measurement system on the Ga(In)N/GalnN/Ga(In)N
heterostructure at as high as 1000°C was reported.
Though there are several ambiguities in the analysis due
to strain in the wafer, very different In profiles were
obtained for the case of Ga(In)N/GalnN/Ga(In)N on
sapphire and that on GaN.
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A new X-ray CTR scattering measurement system was reported that was equipped with a

Johansson monocromator to focus X-rays at a sample position.

Using the focused X-rays and a

two-dimensional detector, X-ray CTR scattering measurement was able to be carried out without
moving any component of the measurement system. The results of the X-ray CTR scattering
measurement using the new system successfully demonstrated that the CTR scattering profiles
were comparable to that measured at PF using synchrotron radiation even when the measurement

time was 10 minutes or longer.

The results suggested that the new measurement system is

useful for quick and in-situ X-ray CTR scattering measurements.
Key words: X-ray CTR scattering, Johansson monochromator, focused X-ray, quick/in-situ measurement

1. INTRODUCTION

When a distribution of an X-ray intensity scattered by
a crystal is measured carefully in reciprocal space, a
rod-like distribution, which is normal to a surface of the
crystal, could be observed around each Bragg point.
The rod-like distribution of the X-ray intensity is called
X-ray crystal truncation rod scattering (X-ray CTR
scattering).[1-3] Since the origin of the X-ray CTR
scattering is an abrupt truncation of a crystalline
periodicity at a surface, and the intensity is sensitively
modulated by non-periodic structures in the crystal, we
could obtain much information on the surface and on the
non-periodic structure from the X-ray CTR scattering
profiles.[4-8] We have shown that interface structures,
i.e., distributions of atoms across the interfaces, of
hetero-epitaxially grown semiconductor crystals can be
discussed at an atomic scale from the analysis of the
measured X-ray CTR scattering profiles.[9-13]

Although, the X-ray CTR scattering measurement is
so powerful to investigate an interface at an atomic scale,
it has not been a popular measurement, since it is usually
considered that a very brilliant X-ray source like a
synchrotron is necessary for the X-ray CTR scattering
measurement.

In this work, we report on the development of a new
X-ray diffractometer equipped with a Johansson
monochromator that is used to obtain focused X-rays at
a sample position.[14,15] Using the focused X-rays,
we could successfully reduce the X-ray CTR scattering
measurement time even when an usual rotating-anode
X-ray tube operated at 50kV and 300mA was used for
the X-ray source. The system could be applicable to
the in-situ X-ray diffraction and X-ray CTR scattering
measurement when the measurement system is well
established.
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Fig. 1: Schematically drawn new measurement
system equipped with a Johansson monochromator
to focus X-ray at a sample position.

2. X-RAY CTR SCATTERING MEASUREMENT
SYSTEM EQUIPPED WITH JOHANSSON
MONOCHROMATOR
A new X-ray CTR scattering measurement system

equipped with a Johansson monochromator was

designed and constructed.  Figure 1 shows the
construction of the system schematically. The X-ray
source was a line-focused rotating-anode X-ray tube
operated at 50kV and 300mA (maximum operation
power was 60 kV and 300 mA).  The target was Cu.

An asymmetrically cut Ge (111) Johansson crystal of

which Rowland circle radius was 361mm was placed

just after the X-ray source. Cu-Ka line was
monochromatized by the Johansson crystal.  The

X-rays were focused at 220 mm away from the crystal

and the maximum convergence angle of the X-rays
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Low angle

Fig. 2: Recorded X-ray scattering intensity on an
Imaging Plate, using the new measurement sytem.
Lower-angle-side region of InP 002 Bragg point
was measured for an InP/GalnAs/InP structure
sample for 10 minutes.

focused by the Johansson crystal was about 3.2 degrees,
although, it was restricted to 2.85 degrees to eliminate
the effect of the edge of the crystal. A goniometer was
placed at the focusing point to hold a sample at a proper
angle to the incident X-rays. An imaging plate (IP)
was used as a detector to record the scattered X-rays
two-dimensionally. It was important that there was
no need to rotate X-ray source, sample, nor IP by
utilizing the focused X-rays and the 2D detector. We
could obtain a map of scattered X-ray intensities in a
certain angle region at once without moving anything.

3. X-RAY CTR SCATTERING MEASUREMENT

USING THE NEW SYSTEM

In order to discuss the potential of the new X-ray CTR
scattering measurement system, an InP(30ML)/
GalnAs(SML)/InP  structure crystal grown on InP
substrate by OMVPE (organometallic vapor phase
epitaxy) method was used. Figure 2 shows the
scattered X-ray intensity distributions in the
lower-angle-side region of InP 002 Bragg point for the
sample recorded on the IP. The pattern was elongated
in horizontal direction, since a line focused X-ray source
was used. The focused image of the X-rays at the
sample position was a line. The stripe pattern was
observed in Fig. 2, since the CTR scattering intensity
was modulated by the interference between the X-rays
reflected by the InP and GalnAs layers. The Bragg
peak, which should locate above the image, was not
recorded intentionally, since the Bragg peak and diffuse
scattering near the Bragg peak were too strong to
observe the relatively weak CTR scattering profiles.
As shown in Fig. 2, the X-ray CTR scattering and
the modulation on the profile were clearly
observed by using the proposed measurement
system.

Figure 3 shows the measured X-ray CTR scattering
profiles obtained from the distributions of scattered
X-ray intensity as shown in Fig. 2 for the same sample.
The measurement time was changed from 1 to 60
minutes and the measurement was conducted in the
lower-angle-side region of the InP 002 Bragg point.
The range of the index I, from 1.6 to 1.8, was
corresponded to the convergence angle of the focused
X-rays, 2.8 degrees. A profile measured at BL6A of
Photon Factory at KEK in Tsukuba, Japan is also shown
in Fig. 3, which had been already analyzed and given a
good quantitative result on the interface structure at an
atomic scale. Wavelength of the X-rays was set at
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Jo“’ 60
s |
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> 15
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Fig. 3: X-ray CTR scattering profiles measured
by the new measurement system and measured at
PF. Even when the measurement time was so
short as 1 minutes, the feature of the profile was
well observed, though the background was
relatively strong. The background level, S/N ,
decreased with the increase of measurement time,

t, like as S/Noc4/l/t, as usual measurements

using X-ray. Therefore, the background level at
60min was roughly about 1 10th of that at 1min.
When the measurement time was 60 min the
profile is comparable to that measured at PF.

0.1lnm and the measurement time was 15min, for the
measurement at PF.

As shown in Fig. 3, when the measurement time was
10 minutes or longer, the quality of the profiles was
comparable to that measured at BL6A. We can
understand that the profiles measured by using the new
system showed identical features, i.e., positions of the
peaks and valleys observed on the profiles and the
relative difference of the heights and depths of them, to
that measured at BL6A. The results indicated that the
new system is available to analyze the layer structures.

Moreover, even when the measurement time was so
short as 1 minutes, the quality of the profile was not so
bad. It suggested that the new measurement system is
potentially applicable for a quick measurement.

Further, we should point out that it is not necessary to
move any components of the new measurement system
including the sample, essentially. Therefore, the new
measurement system should be very suitable for the
in-situ measurement system combining with other
experimental systems, i.e., crystal growth system, heat
treatment system, optical measurement system, and so
on.

4. CONCLUSIONS

A new X-ray CTR scattering measurement system
was reported that was equipped with a Johansson
monocromator to focus X-rays at a sample position.
Using the focused X-rays and two-dimensional detector,
the X-ray CTR scattering measurement could be carried
out without moving any component of the measurement
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system. The results of the X-ray CTR scattering
measurement using the new system successfully
demonstrated that the CTR scattering profiles were
comparable to that measured at PF using synchrotron
radiation when the measurement time was 10 minutes or
longer. The results suggested that the new
measurement system is useful for quick and in-situ
X-ray CTR scattering measurements.
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Study on accumulation process of As atoms in InP/GalnAs/InP hetero-structures
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The distributions of As atoms at InP/GalnAs interfaces were investigated by analyzing the X-ray
CTR scattering spectra for the samples grown at different growth temperatures and with different

H,-flushing times.

From the results of the investigation, the adsorption and desorption

processes of As atom on the GalnAs surface during the growth were discussed. Although the
desorption of As from a surface progressed at all the investigated temperatures, 590, 620, and
650°C, a part of the As atoms, about 1.2[ML], remained on the surface even when the

H,-flushing time was long.

On the other hand, when the H,-flushing time was short, the

amounts of As atoms were larger at higher growth temperatures, which suggested the

decomposition of As precursor was enhanced at higher growth temperatures.

All the results

strongly indicated that the amount of As atoms incorporated in InP layer sensitively depends on
the balance between the desorption and adsorption of As and that it is difficult to predict the
degree of distribution of the As without a high resolution interface analysis like the X-ray CTR

scattering measurement.

Key words: X-ray CTR scattering, buried interfaces of semiconductors, adsorption, desorption

1. INTRODUCTION

Hetero-structures of I1I-V compound semiconductors
have been utilized widely for high performance devices
such as HEMTs (high electron mobility transistors),
lasers, and HBTs (heterojunction-bipolar transistors).
For the high performance devices, highly defined
hetero-structures, such as quantum well structures of
which layer thicknesses are designed at a monolayer
range, are epitaxially grown using advanced crystal
growth technique. However, it is recognized that a
compositional grading arises unexpectedly at the
hetero-interfaces even when the hetero-structures are
grown by OMVPE (organometallic vapor phase epitaxy)
that is one of the most advanced semiconductor growth
technique.

We have investigated the degree of the compositional
grading at the hetero-interfaces using X-ray crystal
truncation rod (CTR) scattering measurement. The
X-ray CTR scattering measurement is a powerful
technique to investigate the buried interfaces and
determine the distributions of atoms quantitatively at an
atomic-scale[1-7]. In these works, investigating
InP/GalnAs hetero-interfaces, we had shown that the
compositional grading of group-V elements can be
suppressed by controlling a Hp-flushing time before the
growth of InP on the GalnAs layer when the growth
temperature was 620°C.[8] The result suggested that
As adsorption is an significant origin that causes the
compositional grading at the InP/GalnAs interface.

In this work, the adsorption of the As atoms on the
GalnAs surface depending on the growth temperature is
discussed via the study on the compositional grading at
the upper InP/GalnAs interfaces in
InP/Gag 47Ing 53As/InP structures using the X-ray CTR
scattering method.
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Fig.1: Measured and theoretically calculated
X-ray CTR scattering spectra of the samples
grown at 590 and 650°C. 002 Bragg peaks of
InP locate at 1=2.0 although they were truncated
in the figure.

2. EXPERIMENTAL

InP(50ML)/Ga0‘47In0.53AS( 1 SML)/IHP structure
samples were grown on InP (001) just oriented
substrates by OMVPE at 590, 620, and 650°C. At the
upper InP/GalnAs interface, H,-flushing time was
changed from 3 to 30 sec, for which only H, gas was
flowed in order to flush out excess source gases from the
OMVPE reactor. By analyzing the difference among
the As distributions at the interfaces depending on the
H,-flushing time, we can discuss the degree of As
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Fig. 2: A model structure to calculate a CTR
scattering spectrum. The measured X-ray CTR
scattering spectra were analyzed by comparing
them with the theoretically calculated spectra
based on this model. The model structure
containes 10 parameters to describe the
distributions of Ga and As in the InP/GalnAs/InP
hetero-structure.

adsorption on the growing surface at a growth
temperature.

TBAs, TBP, TMIn, and TEGa were used as source
gases. Growth rate was 1.0 ML(molecular layer)/s and
V/1II ratio was fixed at 20 for all the samples.

The distributions of As atoms at the InP/GalnAs
interfaces were analyzed from the results of the X-ray
CTR scattering measurement. The X-ray CTR
scattering measurement was carried out at the BL6A of
the Photon Factory at the High Energy Accelerator
Research Organization in Tsukuba, Japan. Wavelength
of the X-ray was set at 0.Inm. A CCD camera was
used to record the distribution of the scattered X-ray
intensity around InP 002 Bragg peak.

In Figure 1, measured X-ray CTR scattering spectra
of the InP/Gay 47Iny 53As/InP structure samples grown at
590°C and 650°C are shown as examples. The spectra
were measured along [00€] direction, which was normal
to the surface, in the reciprocal space. The peaks
appeared at (=2 are 002 Bragg peak of InP, although
they were not plotted near the Bragg point since the
peaks were too high. As shown in Fig. 1, clear
oscillations were observed in the range of 1.6 < { <24
for all the samples. The oscillation was caused by the
interferences between reflected X-ray by InP and
GalnAs layers. The difference of the amplitude of the
oscillations reflected the degree of the distributions of
atoms.

3. RESULTS AND DISCUSSIONS

The measured X-ray CTR scattering spectra were
analyzed by comparing them with theoretically
calculated spectra based on a model structure as shown
in Fig. 2. Parameters that describe the distributions of
atoms and roughness of the surface were contained in
the model. The distributions of Ga and As atoms into
the InP layers from GalnAs layer were assumed to be
given by the simple form:

x = X, exp(——-)
0

where X was Ga or As composition at d [ML] away
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Fig.3: Composition profiles of As in the samples
grown at 590 and 650°C obtained from the
analysis of the X-ray CTR scattering spectra.
The change of the degree of the compositional
grading was small at 590°C with the change of the
H,-flushing time. On the other hand, at higher
growth temperature, 650°C, the degree of
compositional grading decreased when
H,-flushing time was long. The amount of As
in InP cap layer was calculated by summing up
the As composition in the hatched region.

from an interface. X, was a Ga or As composition in

the GalnAs layer, and d, was the parameter that

represented the degree of the distribution.  The
theoretically calculated best-fitted spectra are also
shown in Fig. 1 as grey lines.

Figure 3 shows examples of the distributions of As
obtained from the analysis of the X-ray CTR scattering
spectra. The hatched areas in Fig. 3, observed at the
upper  InP/GalnAs interface, represented the
distributions of As in the InP cap layers. Amounts of
the As incorporated in the InP cap layers were calculated
and plotted in Fig. 4.

The distributions of As were also observed at the
bottom GalnAs/InP interfaces. The amounts of As
incorporated in the lower InP layers were from 0.7 to
1.2MLs. Since, the difference was within a standard
error range and the change of the mount of As was not
consistent between at 590 and 650°C, it was difficult to
discuss on the change of the lower interface structures.
The distributions of As at lower interface were
considered to be mainly caused by the exchange
between P and As on top of InP before the growth of the
GalnAs layer. Therefore, if a part of the distribution
was caused by the roughness of the interface, the effect
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Fig.4: Relationships between the H,-flushing time
and the amount of As incorporated in the InP cap
layer. The amount of As decreased with the
increase of the H,-flushing time at all the growth
temperatures

was probably not so big on the amount of As
incorporated in the InP layer at the upper interfaces.

Figure 4 shows the relationships between the amount
of As incorporated in the InP cap layer and the
H,-flushing time. The error bars were defined as
regions where R-factor increase by 20% at the border.
As shown in Fig. 4, the amount of As decreased with the
increase of the H,-flushing time at all the growth
temperatures, i.e., 590, 620, and 650°C. It indicated
that a part of As atoms adsorbing on the GalnAs surface
desorbed during the H,-flushing.

When the H,-flushing time was long, the decrease of
the amount of As was observed to saturate at about 1.2
ML.  The result suggested that there should be other
effects, such as, roughness of GalnAs surface and/or
formation of stable surface reconstruction structure that
determine minimal As concentration on a surface.

On the other hand, when the H,-flushing time was
short, the amount of As was larger at higher growth
temperatures. It is considered to be caused by the
enhancement of the decomposition of As precursor at
higher growth temperature resulting more adsorption of
As[9].

All the results strongly indicated that the amount of
the As atoms incorporated in the InP layer sensitively
depends on the balance between the desorption and
adsorption of As and that it is difficult to predict the
degree of distribution of the As without a high resolution
interface analysis like the X-ray CTR scattering
measurement.

4. CONCLUSIONS

The distributions of As atoms at the InP/GalnAs
interfaces were investigated by analyzing the X-ray CTR
scattering spectra for the samples grown at different
growth temperatures and with different H,-flushing
times. From the results of the investigation, the
adsorption and desorption processes of As atoms on the
GalnAs surface during the growth were discussed.
Although the desorption of As from a surface progressed
at all the investigated temperatures, 590, 620, and 650°C,
a part of the As atoms, about 1.2[ML] at all the
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temperatures, remained on the surface even when the
H,-flushing time was long. On the other hand, when
the H,-flushing time was short, the amount of As atoms
were larger at higher growth temperature, which
suggested the decomposition of As precursor was
enhanced at higher growth temperatures. All the
results strongly indicated that the amount of As atoms
incorporated in InP layer sensitively depends on the
balance between the desorption and adsorption of As
and that it is difficult to predict the degree of distribution
of the As without a high resolution interface analysis
like the X-ray CTR scattering measurement.
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We show a quantitative analysis of the strain field beneath the Si3N4/Si(001) interface formed by
nitrogen-hydrogen (NH) radicals (the Xe/NH; plasma nitridation). The strain field was investigated by
using a multiple-wave X-ray diffraction phenomenon, i.e., interaction between the Bragg reflection and
crystal-truncation-rod (CTR) scattering. We present a master formula for the amplitude of CTR scattering
from a crystal with strain. We constructed model functions for the strain field and determined several
parameters using the least-squares fitting. The result suggests that inversion of the sign of the strain occurs

near the interface.

Key words: X-ray diffraction, Silicon, Silicon nitrides, Nitridation, Strain

1. INTRODUCTION

Strain induced by an interface affects its electronic
structure, but a full understanding of such strains is still
lacking. This is true even in the case of the silicon
dioxide-silicon interface, which has been applied to
electronic devices since the 1960s. In previous papers
[1-5], we have investigated strain fields beneath the
SiO,/Si interfaces using a multiple X-ray diffraction
phenomenon, which is  modulation of the
crystal-truncation-rod (CTR) scattering intensity under
a Bragg reflection [6-11]. Using this technique has
revealed that there is a very small strain field beneath the
Si0,/Si interface whose depth extends up to several tens
of nanometers and has a static fluctuation in the lateral
direction. Information on the depth profile of the strain
has been also qualitatively obtained using this technique
[2,3,5]. In this paper we present a master formula for the
CTR scattering from a crystal with strain, and attempt to
quantitatively analyze the strain field beneath the
Si3Ny/Si(001) interface formed by the high-density
Xe/NH; plasma using this technique. The Si;N, film
formed by the Xe/NH; plasma (NH radicals) is attracting
increasing attention as a high-x gate because of its high
relative dielectric constant and low interface state
density in the case of Si(001), Si(111), and Si(110) [12].

2. EXPERIMENT

We investigated the strain fields beneath the
Si3N4/Si(001) interface by measuring the modulation
profiles of the CTR scattering on the 50 rod under the
004 Bragg reflection (see Fig. 1) [1-4]. We define the
surface unit cell vectors ag;, ag, and ag by ag = a,//2 +
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ay/ 2, -a1/\[2 + a)/ /2, and a3, where a;, a,, and a; are
the unit cell vectors of the diamond cubic structure of Si.
From the modulation profile, we can determine the
phase difference between two CTR scatterings: one is
the CTR scattering from the incident X-rays and the
other is that from the Bragg reflection. Here, we
consider the strain field illustrated in Fig. 2, where Ad; is
the deviation of the lattice spacing between the (j-1)th
and jth atomic planes from the lattice spacing in bulk d
and AD; is the sum of displacements beneath the jth
plane. The amplitude 4°™(q) of the CTR scattering near
a Bragg reflection can be related to the depth profile
AD(z) (defined as it satisfies AD; = AD(jd)) as follows:

M

o (q)z F(q)CZﬂiq-(nd)[eZ.mtrAD,, +§(q;AqZ)] ,
27Aq,d

where q is the scattering vector, F(q) is the structure
factor, Ag. is the deviation of the z component of the
scattering vector from the Bragg reflection (the z
coordinate is defined perpendicular to the interface as
shown in Fig. 2), and &(q;Aq.) is defined by

(z) d(qAD(Z+nd))e
dz

27i0q.2 g,

0
g(q;AqZ)E _I2MeZMq'AD

—0

(2)

Note that q is almost constant around a Bragg point.
&(q;Aq.) can then be regarded as the Fourier transform
of -2mie”™ “Pd(q:AD)/dz. Thus, we can obtain
information about AD(z) from the modulation profile.
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Particularly when |q-AD(z)| is sufficiently small and the
band width of &(q;Ag.) is much smaller than Ag.,
&(q3Aq.) is negligible. We can then obtain hg'AD,, from
the modulation profile, where hg is the scattering vector
of the Bragg reflection.

The experiment was performed at BLO9XU in
SPring-8, where a high-brilliance horizontally polarized
X-ray beam from the undulator is available [14]. The
premonochromatized SR beam was shaped by slits into a
size of 1 mm (vertical) x 1 mm (horizontal), and then
highly monochromatized using two 444 Bragg
reflections from two Si(111) channel-cut crystals
arranged in the (+ +) geometry. The wavelength of
X-rays was fixed around 1.24 A. The sample was placed
on a very flat plate on a high-precision goniometer. A
glancing-angle (0) scan was performed around the 004
Bragg point, and at each angle, the CTR scattering was
analyzed using a Ge(111) crystal. The intensities
measured by the Nal scintillation counter were
integrated after subtraction of the backgrounds and then
normalized by the counts of the beam flux monitor
placed in front of the sample.

As the sample n-type Si(001) substrates were
prepared. First, wet oxidation of these substrates was
performed at 1100 °C in order to form oxide films. After
etching the oxide films in an HCI/HF mixture solution,
nitridation of these substrates using NH radicals
produced in a microwave-excited, high-density Xe/NH3
mixture plasma was performed at a pressure of 20 Pa
and substrate temperature of 600 °C. The microwave
frequency and power density were 2.45 GHz and 1.67
W/em?, respectively. Using spectroscopic ellipsometry,
the thickness of the Si3;N, film was estimated to be 1.36
nm.

50 rod 00 rod
551
Al
555
N\ 004 Bragg reflection
H
"
551 0
Surface
Ewald Sphere

Fig. 1. lllustration of the diffraction condition where the
intensity of CTR scattering is modulated by the 004
Bragg reflection. The parameter / is the momentum
transfer perpendicular to the surface, and A/ is the
deviation of / from the 555 Bragg point.

3. RESULT AND DISCUSSION

The experimental results of the phase difference are
shown in Fig. 3. The abscissa of Fig. 3 is A/, which is
defined by Ag.d (see Fig. 1). The parameter A/ was
changed by changing the wavelength of the X-rays,

which moves the intersection point between the Ewald
sphere and 50 rod.

Mo .c v e v e ... . Interface
7 R e
AD, =" Ad,
v\ k=l
) oo . . z
R e
O .« . d. o e O
-1 . . .
-00

Fig. 2. Illustration of a strain field model beneath the
SisNy/Si(001) interface. A strained layer containing n
atomic planes is formed on an ideal semi-infinite perfect
crystal. The filled circles represent to the positions of
atoms or unit cells in bulk crystal, and the open circles
represents those in the strained layer beneath the
interface. The parameter AD; is defined by the sum of
displacements beneath the jth atomic plane, and Ad; is
the deviation of the lattice spacing between the (j—1)th
and jth atomic planes from the lattice spacing in bulk, d.
The direction of the z axis is defined as perpendicular to
the interface, and its origin is at the Oth layer.
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Fig. 3. The experimental results of the phase difference
between the CTR scattering arising from the incident
X-rays and that from the Bragg reflection (The
experimental situation is presented in Fig. 1). The
abscissa is A/, which is defined by Ag.d (see also Fig. 1).
The solid line corresponds to 4 = -0.108 and a = 0.001,
while the broken line corresponds to 4 =-0.127 and a =
0.005 (model 1). The dotted line is the best-fitting curve
when 4 =-0.134, a = 0.004, B = 0.130, and b = 0.012,
and the dashed-dotted line is the curve when 4 = -0.099,
B =0.072, and b =0.014 (model 2).
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The phase differences were not zero, a fact that is not
explained by a perfect crystal even when surface
roughness is taken into account. Note that the rocking
curves of the 004 Bragg reflection were explained by a
perfect crystal. These facts support the idea that a very
small and long-range strain field is induced by the NH
radical nitridation, the depth of which is sufficiently
small compared with the extinction depth of the 004
Bragg reflection [2]. The phase difference’s dependence
on Al suggests that the lattice spacing in the strain field
is not constant.

First, we consider an exponentially decaying function
model (model 1) for AD(z) in order to explain the
experimental result; that is, we assume that hg'AD(z+nd)
is given by:

h, -AD(z +nd )= Ae” . (3)

Here, 4 corresponds to the total displacement of the
atomic plane beneath the interface. The solid line in Fig.
3 is the calculated curve for 4 = -0.108 and a = 0.001.
This case corresponds to £~ 0 in Eq. (1), where the band
width of ¢ defined by Eq. (2) is sufficiently small. The
broken line corresponds to 4 = -0.127 and a = 0.005.
The inclinations of the curve on both sides become large
as a increases, and their signs are contrary to the
experimental data. This suggests that this model is not
sufficient to describe the strain field.

Next, we consider a model function that is expressed
by a sum of two exponential functions (model 2). That is,
we assumed that

h,, -AD(z + nd )= Ae“ + Be” , 4)

and performed the least-squares fitting. The dotted line
in Fig. 3 is the best-fitting curve, where 4 = -0.134, a =
0.004, B =10.130, and b = 0.012 (* = 1.93). It should be
noted that, in this case, the number of data points is the
same as the number of parameters; thus, the obtained
parameters have large errors. In addition, parameter b
and the signs of 4 and B obtained by the fitting were not
sensitive to a; for example, when « is fixed at 0.0005,
the fitting is also good (y* = 2.89) when 4 = -0.099, B =
0.072, and b = 0.014 (dashed-dotted line in Fig. 3).

The depth profiles of the strain (¢.,) obtained above
are illustrated in Fig. 4. The solid and dashed lines are
the depth profiles corresponding to the cases of a =
0.004 and 0.0005, respectively. The inversion of the sign
of the strain is seen near the interface. This inversion is
due to positive d(hg'AD)/dz at the interface, which is
given by Aa + Bb. We also performed the least-squares
fitting under the condition of 4a + Bb < 0, but no good
fit was obtained. Similar strain distribution has been
reported under thick SiO, strips [14] fabricated on a Si
substrate, although the strain field was deeper due to the
thick strips and their edges. Although it is necessary to
use more experimental data for a better fitting, the sign
and order of B and b should be correctly given by the
above fitting, which suggests that the inversion of sign
actually occurs near the interface.
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Fig. 4. Quantitatively obtained depth profiles of strain
(&..) beneath the SizN,/Si(001) interface.

4. CONCLUSION

A multiple-wave X-ray diffraction technique was
applied to quantitatively investigate the depth profile of
the strain beneath the SizN4/Si(001) interface formed by
NH radicals. The experimentally obtained modulation
profiles of the intensity of the CTR scattering showed
that there is a very small and long-range strain field
beneath the Si;N,/Si(001) interface formed by the
Xe/NHj; plasma nitridation (NH radical nitridation). We
constructed two models for the strain field, and
performed the least-squares fitting to the experimentally
obtained phase difference of CTR scattering amplitudes.
The result suggested that inversion of the sign of the
strain occurs near the interface.
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X-ray Optics with Small Vertical Divergence and Horizontal Focusing
For an X-ray Standing-wave Measurement
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An x-ray optics was proposed for dynamical diffraction measurements of a non-ideal crystal. It was
composed of a pair of channel-cut Si (004) crystals and a one-dimensional focusing lens system. Vertical
angular divergence values were measured as FWHM ’ s of ca. 1.3 arc secs for an incident photon
energy of 12.4 keV during a rocking scan around the analyzer sapphire 0006 reflection when the second
channel-cut crystal was fixed at five deviation angles. The experimental angular resolution deconvoluted
is about 1.3 arc secs at the deviation angle of ca. 0.7 arc sec. A typical photon flux was around 10°
photons /s as a peak value of the rocking scan for an incident slit of 0.2 x 0.1 mm. The horizontal beam
size measured at the focal distance of ca. 200 mm was 4.3 pum.

Key words: optics, dynamical x-ray diffraction, channel-cut crystal, horizontal focusing

1. INTRODUCTION

A feedback control system for stabilizing an incident
x-ray intensity from a beamline monochromator was de-
signed by Krolzig et al.[1, 2]. A dynamic combination of
a micrometer positioner driven by a piezoelectric element
and monitoring the diffracted x-ray intensity enabled an an-
gular control of the monochromator with sub-arcsec pre-
cision. This was a key instrument for conducting a syn-
chrotron measurement; consequently, many beam lines at
synchrotron facilities adopted the system. Further, recent
improvement of the system has added a new function of sta-
bilizing the beam position of the incident x-rays[3] and was
useful for extended x-ray absorption fine structure spec-
troscopy measurements[4].

The x-ray standing wave (XSW) technique allows us
to perform element-specific and structural analysis of sur-
face adsorbed atoms as well as buried hetero-interfaces with
high spatial resolution. A yield profile of secondary emis-
sions like fluorescence x-rays, here called an XSW pro-
file, is recorded during a rocking scan of a sample in case
of using hard x-rays. The angular width of the rocking
curve is intrinsically several arc secs when calculated for
a perfect crystal on the basis of dynamical diffraction the-
ory. Bedzyk et al. have introduced a postmonochromator
optics[5], which is an upgrade feedback control system, to
prepare the incident beam in a way that avoids angle and
photon energy averaging effects that would smear the XSW
profile. Here we report on a combined system of a one-
dimensional focusing lens plus the postmonochromator op-
tics for performing measurements of dynamical diffraction
of a non-ideal single crystal like an oxide material.

2. REQUIREMENTS FOR XSW MEASUREMENTS
XSW measurements of a non-ideal crystal require the

followings:

1) a beam of a small angular divergence should be incident

because of the narrow angular width abovementioned of the
intrinsic rocking curve for hard x-rays and

2) a small area on a sample should be irradiated as much
as possible because its crystalline domain is small. In ad-
dition, recording the yield profile of weak secondary emis-
sions takes long time; hence,

3) the optics necessitates stabilizing the intensity and angle
of the incident beam.

In the following section, we discuss advantages and disad-
vantages of three setups that have already used and propose
our optics.

3. DESIGN CONSIDERATIONS

The non-dispersive parallel setting, which usually em-
ploys an identical reflection of the same material for the two
crystals of a monochromator and sample, meets require-
ment 1). We inconveniently need to change the arrange-
ment of the monochromator when a different reflection of
the sample is investigated. The postmonochromator op-
tics uses a non-dispersive pair of channel-cut crystals and
can substitute for the non-dispersive parallel setting to gen-
erate quasi-plane waves even if the optics is not changed.

A different solution is to use a combined setup[6] which
is composed of a one-bounce capillary and a miniature Si
(400) channel-cut crystal as Kazimirov et al. proposed. The
setup fills the three requirements mentioned above. Exam-
ple parameters written in ref.[6] for 12.5 keV x-rays were
a) beam sizes of 10 pum after the capillary and 6 pm for
Si(400) collimating crystals,
b) the (004) rocking curve width of 14 prad from the stan-
dard Si(001) wafer, and
¢) intensities from 0.9 x 10° to 3 x 10°® photons / s.
The small divergence and small size of the beam consisted;
however, the setup was considerably at the cost reducing the
X-ray intensity in the scattering plane.
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We here propose a modified optics (Fig. 1) that pro-
vides us with a small divergence in the scattering plane and
a small beam in the horizontal direction. In other words,
the 1D focusing element is added to the postmonochroma-
tor optics. Figure 2 shows the DuMond diagram for the un-
dulator source, the beam line Si (111) monochromator, and
the pair of Si (004) postmonochromator reflections at E),
= 12.4 keV. The FWHM vertical divergence of the undula-
tor source is estimated using the vertical beam size 1.02 arc
secs of 0 =6 pm and vertical divergence of 0 =1 prad. The
parallelogram abcdora’ b’ ¢’ d’ shows x-ray divergences
of angle and wavelength that the optics generates. The di-
vergences will smear a dyanamical rocking curve and XSW
profile. We can detuned the second channel-cut crystal to
change the range of the wavelength dispersion.

4. EXPERIMENTAL
We prepared the setup (Fig. 1) at BL13XU, SPring-
8. The channel-cut crystal was fine-tuned using a piezo-

driven rotary stage with a leaf spring (Fig. 3(a)). The
piezo-translator controller received a signal from a moni-
tor stabilizer. X-ray intensities in front of / in the rear of
the channel-cut crystal were monitored with ion chambers
and converted to voltages from currents through current am-
plifiers; successively the voltages proportional to the x-ray
intensities came in the stabilizer. A voltage to stable a ratio
of the voltages was applied to the piezo translator through
a division amp. To achieve performance to fill requirement
1) and 2), a strain-free mount of the crystal is crucial. Ac-
cordingly, the channel-cut crystals had two grooves at the
bottoms (Fig. 3(b)).

The 1D focusing lens system used was made from
an SU-8 resist on a Si wafer substrate fabricated by
Forschungszentrum Karlsruhe. The system consists of 26
micrometer-size lenses of which aperture was 320 ym. The
focal distance calculated was 200 mm. We used the lens to
focus x-rays in the horizontal direction.
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Fig. 3: Photos of channel-cut crystal. Part of optics (a). The holder for the strain-free mount of the crystal (b).

5. RESULTS

We measured divergences and intensities that the optics
generated. Fig. 4 plots observed vertical divergence an-
gles. The FWHM divergence angles were measured when
an analyzer crystal was rocked at a fixed deviation angle of
the second channel-cut crystal. On the other hand, a photon
flux (the right axis in Fig. 4) was a peak value of the rocking
scan.

We intentionally chose a sapphire crystal (0001) grown
by the heat-exchange method (HEM) as the analyzer crys-
tal. The 0006 reflection was used. The incident slit was lo-
cated between ion chamber 1 and channel-cut crystal 2. The
slit aperture used was 0.2 (horizontal) x 0.1 (vertical) mm.
The intrinsic FWHM calculated is 0.4 arc secs; simply, the
experimental angular resolution deconvoluted is about 1.3
arc secs at the deviation angle of ca. 0.7 arc sec. Other in-
trinsic widths calculated are, for example, 3.32, 2.46, and
2.54 arc secs forthe 10-14,2-1-13,and 01 -1 2 re-
flection, respectively. By comparison with these values, the
resolution obtained is enough small for performing a dy-
namical diffraction measurement. While Fig. 2 implies the
angular divergence is independent of any deviation angle
of the second channel-cut crystal, observed FWHM values
were as a function of the deviation angle. This might be

ascribed to the dispersion effect of wavelength. We will
use the deviation angle of ca. 0.7 arc secs which gives an
enough small divergence angle as well as a reasonable in-
tensity to perform XSW measurements.

The lateral beam size measured at the analyzer position
was 4.3 pm using a knife-edge scan (shown in Fig. 5). The
knife was made of a Au foil. The reduction ratio was 0.002.

6. SUMMARY

We made a setup of the optics composed of a pair of
channel-cut Si (004) crystals and a 1D focusing lens sys-
tem. The vertical divergence and photon flux were evalu-
ated using the 0006 reflection of the sapphire crystal. The
horizontal beam size was also measured at the focal dis-
tance.
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An analyzer crystal used was a HEM sapphire single crystal.
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Development of novel oxide multilayer mirrors at "water-window"
wavelengths by atomic layer deposition / atomic layer epitaxy
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The authors proposed that novel oxide superlattice structures of crystalline TiO,/ZnO on
sapphire substrates could be fabricated for high-reflection multilayer mirrors at 2.734 nm. In
the experimental study, both rutile TiO, (200) and wurtzite ZnO (0001) thin films were grown
epitaxially on the same sapphire (0001) substrates by atomic layer epitaxy (ALE) at 450°C. the
authors also demonstrated for the first time that the novel oxide superlattice structure of 10-
bilayer TiO,/ZnO on a sapphire substrate gave high reflectance at 2.734 nm.

Key words: soft x ray, water window, multilayer, ALD, ALE

1. INTRODUCTION

Since Barbee et al. successfully demonstrated
near-normal-incidence (6 =15.5°) soft-x-ray
reflectors with high reflectances of 67% at 17.0
nm using 20-bilayer Mo/Si multilayers deposited
by magnetron sputtering [1], there have been
various studies on the fabrication of soft-x-ray
multilayer reflectors using electron beam
evaporation and ion beam, rf and dc magnetron
sputtering deposition. In particular, development
of high-performance normal-incidence multilayer
optics for the water-window wavelength region
between the oxygen and carbon K absorption
edges at 2.33 and 4.36 nm, respectively, where
water is relatively transmissive and organic
materials are absorptive, has been a technical
challenge of great interest. The extremely small
periods (1.2-2.2 nm) of soft-x-ray reflectors
require very rigorous specifications to be met with
respect to interface roughness and interlayer
mixing, because interface roughness on an atomic
scale has a substantial effect on soft-x-ray
reflectance.

Although the Fresnel coefficients of materials
are so small at these wavelengths that a large
number of bilayers must be used, which means
that the problems of interface roughness and
imperfect interfaces due to interlayer mixing
become serious, the highest reflectance achieved
at water-window wavelengths (3.11 nm) and near
normal incidence (0=9.2°) has been reported to be
32% [2], owing to the various efforts which have
been made in this field.

The authors have proposed the use of a novel
metal oxide multilayer for soft-x-ray reflectors at
water-window wavelengths [3], because an oxide
multilayer can prevent the formation of an alloy at
the interface, and the absorption of oxygen in
oxides is negligible at the water-window

wavelengths; moreover, the metal oxide
multilayer can be fabricated by the atomic layer
deposition or atomic layer epitaxy technique.
These techniques can be used to control surfaces
on an atomic scale by sequentially dosing the
surface with appropriate chemical precursors and
then promoting surface chemical reactions which
are inherently self-limiting. We have found that
the self-limiting adsorption mechanism works in
the fabrication of oxide thin films such as
aluminum oxide and titanium oxide [4-7]. And we
reported that we have experimentally
demonstrated high reflectance of over 30% at a
wavelength of 2.734 nm and an incident angle of
71.8° from the normal incidence using novel
metal oxide multilayers of titanium oxide and
aluminum oxide fabricated by the atomic layer
deposition method of controlled growth with
sequential surface chemical reactions. For x-ray
processing, crystalline multilayer mirrors might
be rather useful than amorphous ones. Therefore,
the authors demonstrated that novel oxide
superlattice structures of crystalline TiO,/ZnO on
sapphire substrates were fabricated for high-
reflection multilayer mirrors at 2.734 nm recently.

2. EXPERIMENTAL SETUP

The schematic diagram of the experimental
set-up is presented in Fig. 1. It is comprised of a
stainless-steel vacuum chamber, three
computer—controlled leak valves, a turbo
molecular pump (TMP), a capacitor manometer, a
cold cathode gauge, and an infrared-ray heater.

The vacuum chamber was evacuated by a TMP
and the pressure in the chamber during the
deposition was maintained below 10 Torr. The
substrate temperature was 450 °C. Reactant
vapors were introduced alternately through three
computer-controlled leak valves.
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on the computer controlled leak valves.

As a substrate, sapphire (0001) was used. To
obtain clean surface, the substrate was
ultrasonically cleaned in acetone. ZnO films were
deposited using diethylzinc (DEZ) as a source of
Zn, water (H,0) as a source of oxygen, while TiO,
films were deposited using tetrachlorotitanium
(TCT) as a source of Ti, water (H,0O) as a source
of oxygen. The deposition cycle process consisted
of repeated cycles, which contained 1 s dosing of
DEZ (TCT), 2 s evacuation, 1 s dosing of H,O,
and 2 s evacuation. One growth cycle takes 6 s.
Figure 2 shows DEZ and H,0O input signals
applied to computer-controlled leak valves and
they supply the pressure pulses of reactant vapor
in the growth chamber.

The film thickness and refractive index of the
ZnO and TiO,; single layer films were determined
using a variable angle spectroscopic ellipsometer.
The crystallinity was measured using x-ray
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diffraction analysis (XRD) (Cu-Ka), and the
multilayer periodicity was examined by using
low-angle XRD. The reflectivity for soft x-rays

was measured using monochromatized
synchrotron radiation (SR) located Ultraviolet
Synchrotron  Radiation  Facility = (UVSOR),

Institute for Molecular Science, Okazaki, Japan.

3. ATOMIC LAYER EPITAXY OF ZnO AND
TiO, FILMS ON SAPPHIRE SUBSTRATE

First of all, we investigated the self-limiting
condition with varying reactant vapor pressures.
Figure 3 shows plots of the growth rate of ZnO
films on sapphire (0001) as a function of the
vapor pressures of DEZ and H,O. Growth rates
were determined from the thickness of the film
divided by the number of growth cycles. Here, the
number of growth cycle was 90 and deposition
temperature was 450°C. As shown in Fig. 3, the
growth rate of ZnO was found to be near 0.26
nm/cycle when the vapor pressures of DEZ and
H,O are between 3x10™ Torr and 7x10™* Torr. It is
noteworthy the length of ZnO (0001) monolayer.
Moreover, the refractive indices (A =632.8 nm) of
ZnO films were about 1.92 from 3x10™ Torr to
7x10°* Torr. This value of 1.92 is close to the
index of refraction of a ZnO bulk crystal [8].
These results indicate that self-limiting window is
observed in the vapor pressure ranging from
3x10°* Torr to 7x107* Torr. The film thickness of
ZnO on sapphire (0001) increased with increasing
the cycle number, when the deposition
temperature was 450 °C and the vapor pressures
of DEZ and H,O were 4x10™ Torr. The growth
rate was constant as 0.26 nm/cycle. This result
indicates that ZnO film thickness can be
controlled by the number of cycle. Figure 4 shows
the results of XRD measurements of ZnO film
prepared 90 cycles at 450 °C. Both the wurtzite
(0002) reflection peak is observed.

Figure 5 also shows plots of the growth rate of
TiO, films on sapphire (0001) as a function of the
vapor pressures of TCT and H,0O. Here, the
number of growth cycle was 180 and deposition
temperature was 450 °C. As shown in Fig. 5, the
growth rate of TiO, was found to be near 0.076
nm/cycle, when the vapor pressures of TCT and
H,O are between 3x10™ Torr and 6x107* Torr. The
growth rate of 0.076 is nearly one-third the length
of rutile (200) monolayer [9]. This indicates that
self-limiting window is observed in the vapor
pressure range from 3x107* Torr to 6x107 Torr.

The film thickness of TiO, on sapphire (0001)
increased with increasing the cycle number, when
the deposition temperature was 450 °C and the
vapor pressures of TCT and H,O were 5x1 0™ Torr.
The growth rate was constant as 0.076 nm/cycle,
indicating that TiO, film thickness can also be
controlled by the number of cycle.

Figure 6 shows the results of XRD
measurements of TiO, film prepared 180 cycles at
450 °C. An intense rutile (200) peak is observed.
This result indicates that TiO, film is grown on
sapphire (0001) substrate epitaxially.
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4. FABRICATION OF 10-BILAYER TiO,/Zn0O
MULTILAYER
We prepared a 10-bilayer TiO,/ZnO multilayer
at a substrate temperature of 450 °C. This

' ' multilayer consists of 10 pairs of 30 cycles TiO,

T=450"C layer and 20 cycles ZnO layer, so target layer-pair
3; ;:":I::Ss ras thickness is 7.48 nm (30 cycles x 0.076 nm/cycle
=4iTDaTorrb for TiO, + 20 cycles x 0.26 nm/cycle for ZnO).

Figure 7 shows the result of low-angle XRD
measurement of this multilayer. The thickness of
layer-pair can be determined from low-angle XRD
measurement using the Bragg relationship
(nA=2dsin0), where n is the diffraction order, A is
the wavelength, d is the thickness of layer-pair, 0

I is peak position of the Bragg reflection. The first

Intensity (a.u.)

Wlzite(0002)
Substrate

)

30 35 mZE 43 50 55 6l Bragg peak is observed at a grazing angle of 26
(dea.) =0.606°, which corresponds to the layer-pair
. ) thickness of 14.58 nm. The reason why the
Fig. 4 XRD spectrum of ZnO film. measured layer-pair thickness is larger than that
of calculated is not understood, but the growth
rate may depend on the surface [10]. Figure 8
shows the result of measured reflectivity of this
fabricated multilayer. The peak reflectivity is
9.6% at the wavelength of around 2.73 nm and a
@0-12 r T, ,=450°C ] grazing ang.le. of.20 =9.5°. The reason why the
S o1 peak reflectivity is observed at the wavelength of
ﬁ‘ ' U.OTG“IﬂfEﬁ}f{;E& $ around 2.73 nm is because this multilayer mirror
EDUB ________ §¥;a¥@§_ uses anomalous dispersion around Ti absorption
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Fig. 7. Low-angle XRD spectrum of fabricated
10-bilayer TiO,/Zn0O multilayer.
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Fig. 8 Experimental reflectivity of fabricated 10-
bilayer TiO,/ZnO multilayer.

5. CONCLUSION

ZnO and TiO, films were grown on sapphire
(0001) substrate using ALE technique at a
substrate temperature of 450°C. These films were
observed self-limiting growth. The ZnO films
were deposited using DEZ and H,O and it
displayed a growth rate of nearly 0.26 nm/cycle.
The TiO, films were deposited using TCT and
H,0 and it displayed a growth rate of nearly 0.076
nm/cycle.

We proposed and then fabricated 10-bilayer
Ti0,/ZnO multilayer mirror using ALE technique
at a substrate temperature of 450°C. This
multilayer achieved reflectivity of 9.6% at the
wavelength of around 2.73 nm and a grazing angle
of 20 =9.5°. The growth rates of ZnO and TiO; in
the multilayer were different from those in single
layer films because the growth rate depends on
used substrate. The TiO,/ZnO multilayer will be
useful for soft X-ray mirror if further studies are
conducted in terms of growth rate, interface,
surface roughness, and reactant vapors.
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Design of novel titanium oxide/nickel oxide multilayer mirror
for attosecond soft x rays
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A novel attosecond multilayer mirror was designed at “water-window” wavelengths with a
combination of TiO and NiO, which were the same NaCl-type crystal structures of nearly equal
lattice constants (TiO = 0.41766 nm, NiO = 0.41684 nm). The theoretical calculation of the
TiO/NiO multilayer mirror indicated that the high reflectivity over 50% was attainable at 2.73
nm and at an incident angle of 18.9° from the normal incidence. Moreover, it also indicated that
stacking of some multilayer blocks with different periods became effective in reflecting

attosecond soft x rays.

Key words: soft x-rays, multilayer, attosecond, titanium oxide, nickel oxide, chirped mirror

1. INTRODUCTION

Development of high-performance normal-incidence
multilayer optics for the water-window wavelength
region between the oxygen and carbon K absorption
edges at 2.33 and 4.36 nm, respectively, where water is
relatively transmissive and organic materials are
absorptive, has been a technical challenge of great
interest. The extremely small periods ~1.2-2.2 nm of
soft-x-ray mirrors require very rigorous specifications to
be met with respect to interface roughness and interlayer
mixing, because interface roughness on an atomic scale
has a substantial effect on soft-x-ray reflectance.

Although the Fresnel coefficients of materials
are so small at these wavelengths that a large
number of bilayers must be used, which means
that the problems of interface roughness and
imperfect interfaces due to interlayer mixing
become serious, the highest reflectance achieved
at water-window wavelengths (3.11 nm) and near
normal incidence (0=9.2°) has been reported to be
32% [1], owing to the various efforts which have
been made in this field.

One of the authors have proposed the use of a novel
metal oxide multilayer for soft-x-ray mirrors at water-
window wavelengths [2], because an oxide multilayer
can prevent the formation of an alloy at the interface,
and the absorption of oxygen in oxides is negligible at
the water-window wavelengths; moreover, the metal
oxide multilayer can be fabricated by the atomic layer
deposition or atomic layer epitaxy (ALE) technique.
These techniques can be used to control surfaces on an
atomic scale by sequentially dosing the surface with
appropriate chemical precursors and then promoting
surface chemical reactions which are inherently self-
limiting, unlike the conventional fabrication methods
of soft-x-ray multilayer mirrors using e-beam
evaporation, ion beam sputtering, rf and dc
magnetron sputtering and so on. We have found that
the self-limiting adsorption mechanism works in the
fabrication of oxide thin films such as aluminum oxide
and titanium oxide[3-6].

One of the authors also demonstrated experimentally
high reflectances over 30% at the water-window
wavelengths with 20 bilayers of amorphous titanium
oxide and aluminum oxide fabricated by the atomic
layer deposition method of controlled growth with
sequential surface chemical reactions [7].

Metal oxide multilayers can be fabricated also
by ALE technique. With the layer-by-layer growth
nature of ALE, the periodicity in multilayer
mirrors is able to be controlled with the higher
precision [8]. This advantage is also valuable for
the fabrication of other functional multilayer
structures, such as chirped mirrors, which are
useful for compensating for temporal broadening
of the x-ray pulse [9].

In this paper, we proposed novel titanium oxide
/ nickel oxide multilayer mirrors for attosecond
soft x rays, and then reported their high
reflectances and strong possibility of being
attosecond mirrors.

2. TiO/NiO MIRROR STRUCTURE

In order to obtain higher reflectivity, a
combination of binary materials whose refractive
indices are as different as possible and whose
absorption coefficients are as small as possible,
should be selected. Especially, the titanium L
absorption edge, which is located at 2.733 nm, is
important to obtain higher reflectivity at the
water-window wavelengths. The real part of the
Fresnel’s coefficient for nickel is relatively high
at the wavelength, generating a large difference
between the real parts of the binary Fresnel
coefficients. Moreover, the imaginary parts of
both the Fresnel’s coefficients are relatively small.
The difference between the real parts of the
Fresnel coefficients of the binary oxides is almost
the same as that between titanium and nickel.
Thus, a combination of TiO/NiO becomes a
promising candidate for the wavelengths around
2.733 nm.
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In addition, both TiO and NiO are the same
NaCl-type crystal structures [10]. Therefore, it is
possible to make a multilayer of the artificial
superlattice between TiO and NiO on MgO(111)
substrates, as MgO also has the NaCl-type crystal
structure. Especially, the (111)-oriented reflection
planes in the NaCl lattice model indicates that
metal layers and oxygen layers are separate. This
separation is suited for ALE methods where the
adsorption of vapor precursors should be stopped
at one monolayer (ML) automatically through the
self-limiting mechanism. Moreover, TiO, NiO,
and MgO have almost the same lattice constants
and therefore there is little lattice mismatch
between these oxides (TiO =0.41766 nm, NiO =
0.41684 nm, MgO = 0.42112 nm) [10].
Consequently, the combination of TiO/NiO has
potential enough to be a very attractive water-
window multilayer mirror.

3. THEORETICAL
DISCUSSION
Reflectivities of multilayer mirrors were

calculated through the Fresnel’s equation with the

complex refractive indices. Figure 1 shows the

theoretical calculations of the reflectivity (s

polarization) of the (TiO)3(NiO); periodic

multilayer mirror, where x and y of (TiO),(NiO),
denote layer numbers in one period for TiO and

NiO, respectively. The high reflectivity over 50 %

at the wavelength of 2.73nm as shown in Fig. 1(a)

and an incident angle of 18.9° from the normal

incidence as shown in Fig. 1(b) is obtanable. Fig.

1(c) shows the theoretical reflectivity as a fuction

of numbers of binary layers. With 400 bilayers,

99% of the highest reflectivity is attainable.
Recently, coherent soft-x-ray source based on

the high-order harmonic generation which enables

to generate attosecond (as) pulses have received
considerable attention. High harmonics generated
by the nonlinear interaction of ultrashort pulses
from a 800-nm high-intensity Ti:sapphire laser
with rare gas is currently the most promising way
to generate attosecond pulses. The high harmonic
spectrum has the very characteristic shape; it falls
off for the first few harmonics, then shows the

“plateau” where all the harmonics have the same

intensity strength, and finally ends up with the

“cutoff” [11]. The cutoff value depends on the IR

laser intensity and it is said that the cutoff will

extend the water-window region. The ultrashort
pulses are the result of the spectral interference of
many high-order harmonics. The phase relation
between harmonics is not linear but there exists
inherent group delay dispersion between

harmonics that broadens the pulse duration [12].

Chirped mirrors are one of the solutions proposed

to overcome this fundamental limitation. Those

mirrors must have both a bandwidth to make
interfere as much as possible high-order
harmonics and the opposite phase of high-order
harmonics that we can control [9]. This induces

the particular specification with the multi-block
spectral structure based on the multi-periodic
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Fig.1: Calculated reflectivities (s-polarization)
of the (TiO)3(NiO);—period multilayer mirror as
functions of wavelength (a), incident angle (b),
and number of bilayers (c).

mirrors. In order to design the attosecond mirror
in the water-window wavelengths, we performed
the following theoretical calculations.

Figure 2 shows theoretical calculations of the
reflectivity of [(Ti0)3(NiO)3]100 and
[(Ti0)4(NiO)3]190 multilayer mirrors in the 2.6-3.3
nm region and the corresponding single-periodic
structures. In Fig. 2, [(Ti0)3;(NiO)3]100 = (3,3)100
represents 100 bilayers of the (TiO)3(NiO)s
single-periodic multilayer mirror; A3 3 and Ags
indicate the reflection wavelength of (3,3);99 and
that of (4,3)00, respectively. As shown in Fig. 2,
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Fig.2: Calculated reflectivities of single-period
multilayer mirrors.

each theoretical reflection peak has a narrow
bandwidth, and there is a wide gap between
neighbors. This property is, indeed, undesirable
for a broadband mirror. This disadvantage is
caused by the discrete thickness of ML, from the
layer-by-layer growth of ALE. However, adoption
of the multi-periodic structure can solve the above
problem.

In order to control the reflection wavelength
precisely, the multi-periodic structure should be
proposed [8]. The reflection wavelength of the
multi-periodic mirror is determined by the
combined ratio of the periodic layers. With the
use of this simple combination rule, multi-
periodic mirrors at the selected wavelength are
designed. Figure 3 indicates two examples of the
calculated reflectivity of multi-period mirrors. In
Fig. 3, a reflection peak midway of A;3 and A43,
(M3t Ag3)/2 = 2956 nm is produced by a
combination of (Ti0);(NiO); and (TiO)4(NiO); in
the ratio of 1:1. Correspondingly, (8 A3 3+ A43)/9
= 2.780 nm mirror is obtained from
(Ti0)3(Ni10);3:(TiO)4(NiO); = 8:1. It is important
that one period of (TiO)4(NiO);, should be
inserted uniformly into the major period,
(TiO);(NiO); to obtain a higher reflectivity at
2.78 nm. With the use of this method, the
wavelength for the reflection peak is controllable
fractionally.

Next, a multi-period structure like the so-called
“supermirror” is useful for broadband reflection
in the water-window. This structure is based on
the depth-graded stacking of some blocks which
have different wavelengths where reflections peak.
Figure 4 shows the calculated reflection peaks of
various single-period mirrors with the same
number of bilayers in the wavelength region from
2.7 nm to 2.9 nm. In this figure, each calculated
reflection peak is controlled to be near neighbors.
The reason that the reflection peaks around 2.733

1
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Fig.3: Calculated reflectivities of the multi-period
structure mirror.

nm are outstanding is due to the anomalous
dispersion around the titanium L absorption edge.
Figure 5 shows the results of these theoretical
calculations. Fig. 5(a) shows the calculated
reflectivity (black line) and the phase relation
(gray line) of the chirped mirror. It is note that the
chirped mirror can give the reflectivity of about
1-5 % over the large bandwidth covering from
2.73 nm to 2.89 nm in the water-window. As
shown in Fig. 5 (b), the shortest pulse of 150 as is
obtainable theoretically when it can interfer with
each other over the spectral range in this mirror in
phase. By varying the number of blocks and the
thickness of the multilayers, phase variations and
reflectances can be designed for your request.
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Fig. 4 Calculated reflectivities of various

single-period mirrors in the wavelength region
from 2.7 nm to 2.9 nm.
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4. CONCLUSION

We have proposed the novel TiO/NiO multilayer
mirror based on an atomic layer epitaxy technique
to fabricate high-reflection robust mirrors for
attosecond soft x rays at the water-window
wavelengths. The layer thickness of the multilayer
mirror is controllable exactly by ALE of
controlled growth with sequential surface
chemical reactions. This is advantagous for the
artificial superlattice multilayer of TiO/NiO on
MgO(111), which has NaCl-type (111)-reflection
planes where metal layers or oxygen layers are
alternative. The theoretical calculation of the
periodic TiO/NiO multilayer mirror indicated high
reflectance over 50 % at a wavelength of 2.73 nm
and an incident angle of 18.9° from the normal
incidence. Moreover, it also indicated that the
multi-block structure could control the reflectivity
and the phase of a 150-attosecond pulse.
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Fig.5: Calculated reflectivity (black line) and
phase relation (gray line) of the attosecond
mirror (a) and Fourier transformation of the
reflectivity (b).
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High-resolution Rutherford backscattering spectrometry (HR-RBS) and X-ray reflectivity
(XRR) are both powerful tools that can be used to investigate thin film structures with the same
depth resolution. HR-RBS can be used to analyze low-density contrast films since it reveals the
chemical composition in films. The elemental information aids the XRR analysis of films
containing localized hydrogen atoms and low-electron-density contrast layers.

Key words: high-resolution RBS, X-ray reflectivity, high-k, diamond-like carbon

1. INTRODUCTION

X-ray  reflectivity (XRR) and  Rutherford
backscattering spectrometry (RBS) have already been
used successfully to study thin film structures and
characterize their film thickness, composition, roughness
and density. XRR can be used to quantify electron
density distribution and film thickness, but not the
elemental compositions. On the other hand, RBS can be
used to quantify chemical composition and areal density
(atoms/cm?), but not the absolute thickness without a
known volume density (g/cm’) [1]. The two methods
thus provide complementary information that can be
used for thin film analysis. We present XRR and
high-resolution RBS (HR-RBS) analyses of two
systems: (1) HfO, (0.5-6nm thick) on SiO,/Si and (2)
diamond-like carbon (DLC) film on a bare Si wafer. We
then discuss the advantages of each method.

2. EXPERIMENTAL

XRR measurements were performed using a Rigaku
SmartLab system with Cu-Ko radiation. HR-RBS
measurements were carried out with 450keV He" ions
using a Kobe Steel HRBS500 system equipped with a
high-stability ~ Cockcroft-Walton-type  high-voltage
generator and a high-resolution energy analyzer
(~0.15%) [2-4].

We prepared two types of thin films. For the first type,
HfO, and SiO, were deposited on Si(001) substrates by
atomic layer deposition. Nominal thicknesses of 0.5, 1, 2,
4 and 6 nm were deposited for the HfO, on a 1-nm-thick
SiO, layer on the Si substrate. These are labeled
HfO,~0.5 nm, ~1 nm, ~2 nm, ~4 nm, and ~6 nm,
respectively. For the second type, a DLC film was
deposited on a bare Si wafer by electron cyclotron
resonance CVD.

3. RESULTS AND DISCUSSION
3.1 HfO,/Si0,/Si

Figure 1 shows the HR-RBS spectra of the
HfO,/Si0,/Si series. The peaks of three elements (Hf, Si,
and O) were observed individually in the spectra. The
width of the peaks indicated the relative thickness. We
obtained the thickness of each HfO, and SiO, layer
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Table I

Obtained thicknesses of HfO, layer and SiO,
layer on a Si substrate by HR-RBS and XRR
methods.

HR-RBS XRR

Sample: HfO, Si0, HfO, Sio,
HfOy~ thickness | thickness | thickness | thickness

(nm) (nm) (nm) (nm)
~0.5 nm 0.21 1.39 1.20 1.16
~1.0 nm 0.60 1.47 0.78 1.08
~2.0 nm 1.53 1.33 1.72 1.00
~4.0 nm 3.16 1.42 3.27 0.96
~6.0 nm 4.77 1.19 4.92 2.00

from curve fitting procedure and replacing the estimated
areal densities (atoms/cm®) with the bulk volume
densities (9.68 g/em® and 2.20 g/em’, respectively).
Width of the Hf peaks indicated the HfO, thicknesses.
The O peak in SiO, was determined by subtracting the O
peak in HfO, from the total O peak, since the O peak
was composed of the two oxide layers. Then, the SiO,
thickness was calculated.

Figure 2 shows XRR data corresponding to the
HR-RBS spectra given in Fig. 1. The density contrast
between HfO, and Si affected the visible XRR
oscillations, whereas SiO, layer did not feature
remarkable oscillations because of the low-density
contrast and very thin film. However, the oscillation
periodicity changes did not indicate only HfO, film
thickness changes, but also the SiO, film thickness. We
calculated thicknesses of the top of the HfO, film and
the interfacial SiO, film using XRR simulations. Then,
we imposed the existence of the HfO, and the SiO,
layers on the simulation models. The thicknesses
calculated by HR-RBS and XRR are shown in Table 1.

XRR can be used to evaluate the HfO, thicknesses
with high accuracy due to high-density contrast. The
thicknesses of HfO, layer obtained by HR-RBS were
almost equal to the thicknesses obtained by XRR, except
for HfO,~ 0.5nm. However, it is not as sensitive when
measuring the thin and low-density contrast between the
SiO, layer and the Si substrate with laboratory X-ray
equipment. The SiO, thicknesses obtained by XRR did
not converge on a stable value when least-squares fitting
procedure was carried out. On the other hand, HR-RBS
could detect a very thin film such as a low-density
contrast. Hence, we could confirm the thicknesses of
SiO, on the XRR simulations.

3.2. Diamond-like carbon film on Si

Figure3 shows the elemental depth profile of a
DLC film on a Si wafer obtained from HR-RBS
analysis and elastic recoil detection analysis
(HR-ERDA) for hydrogen atoms. There existed
localized Fe and Ar atoms at the interface
between carbon and Si. The Fe atoms remained as
contaminants in the chamber since DLC films
were usually prepared by deposition on a steel
plate as a hard coating. XRR also detected a
high-density layer at the interface of the sample,
as shown in Fig. 4. The depth (nm) - density
(g/cm®) profile of the DLC film was obtained by
fitting the measured XRR using a multiple carbon
layer model. However, we could not determine
the existence of Fe and Ar at the interface using
only the XRR method. In Fig. 4, we recalculated
the depth-density profile replacing the chemical

substrate
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Fig. 3 Elemental depth profiles of H, C, O, Si, Ar,

and Fe near DLC surface and interface estimated
by HR-RBS.
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composition  estimated by HR-RBS and
HR-ERDA with carbon. The recalculated profile
had a low density near the surface due to
concentration of hydrogen.

The electron density obtained by XRR can be
converted to the volume density using chemical
components in the DLC films obtained by
HR-RBS. Furthermore, the converted volume
density converts the thickness of layers described
in units of ‘atoms/cm®’ into units of ‘nm’ for the
HR-RBS results. Then, we can verify the film
thickness using both methods.

4. SUMMARY

We demonstrated two examples of thin film
analyses through XRR and HR-RBS
measurements. The two methods can be used to
non-destructively measure film thicknesses on a
substrate with sub-nanometer resolution. When
conducting XRR using laboratory equipment, it is
advantageous to independently quantify the film
thickness and electron density, except for systems
with low-density contrast of less than ca. 5 %.
HR-RBS analyzes the localization and
interdiffusion of elements in thin film layers even
if the system consists of low-density contrast and
includes hydrogen.
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Non-destructive analysis on oxidation states of Ti atoms in the passivation
film formed on SUS321 using hard X-ray photoelectron spectroscopy
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An oxidation state of a small amount of Ti in the naturally formed passivation film on
stainless steel (Fe-Cr alloy, SUS321) was non-destructively evaluated using angle
resolved hard X-ray photoelectron spectroscopy (HX-PES) at BL46XU in SPring-8.
The synchrotron radiation with photon energy of 7942.5 eV was used as an excitation
source. The intensity of Cr 1s peak assigned to metallic state gradually increased with
increasing of take-off angle 6 from 15° to 30°. It drastically increased at larger
take-off angle region (30~80°). The results clearly suggest a formation of passivation
film on SUS321 and enough large probing depth of HX-PES to evaluate the chemical
states of elements placed below the passivation film. Ti 1s spectra collected at
take-off angles from 15 to 80° revealed only Ti in tetravalent state. Taking an
inelastic mean free path length of Ti 1s photoelectrons into account, it suggests that

only Ti in tetravalent state exists in and below the passivation film.
Key words: Hard X-ray photoelectron spectroscopy, Passivation film, Stainless steel

1. INTRODUCTION

A conventional soft X-ray photoelectron spectroscopy
(SX-PES) is widely applied to evaluate the oxidation
states of elements in the materials. Al K& and Mg Ko
lines are generally used as an excitation source to emit
photoelectrons. With these excitation sources, only
photoelectrons emitted around shallow area can escape
from materials into vacuum due to small kinetic energy.
For this reason, it is known as a surface sensitive
technique. It is, however, also desirable to the evaluation
of elements placed in the buried interface or bulk. In
some cases, Ar" sputter or chemical etching method has
been used to removal of surface layers to make bare
buried interface as a pretreatment technique, which is
sure to give chemical alternation around the interface.
Utilizing a photon in the hard X-ray region is the simple
way to emit photoelectrons with enough high kinetic
energy to escape from bulk or buried interface without
destructive pretreatment, if some essential problems are
solved. One of the most serious problems is rapid
reduction of subshell photo-ionization cross-section as
increasing of photon energy [1]. G. Beamson et al.
developed photoelectron spectrometer equipped with Cu
Ka sealed tube and LiF(110) Johansson type
monochromator [2]. According to them, several hours
are required to obtain clear photoelectron spectrum.
High brilliance synchrotron radiation beam is essential
to use as an excitation source in order to achieve high
throughput measurements or to evaluate a small amount
of elements.

Recently, the hard X-ray photoelectron spectroscopy
(HX-PES) wusing synchrotron radiation has been
developed [3] and started to share for the industrial
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usage at SPring-8 [4]. We applied it to evaluate the
oxidation states of small amount of additional elements
in stainless steel (Fe-Cr alloy) at BL46XU in SPring-8.
Stainless steel is commonly used materials for industrial
products due to its good property in corrosion resistance.
Cr oxide film plays a role as the protective film to
interrupt a progression of rust formation into the bulk.
The small amount of additional elements such as Ti, Nb,
Cu, Ni and so on are known to improve corrosion
resistance property of passivation film [5, 6]. It is not,
however, precisely known how such elements play a
role in improvement of corrosion resistance yet. An
estimation of chemical states of additional elements in
the oxide film or at around buried interface between
oxide film and substrate will help to understand a
corrosion resistance mechanism. Thus, HX-PES is
expected as a useful tool for evaluation of oxide film
formed on steel.

2. EXPERIMENTAL

Naturally formed passivation film on SUS321
(Nilaco corporation) was used as a sample for the
present study. SX-PES combined with Ar" sputter
method was carried out by Quantera SXM
photoelectron spectrometer (Ulvac-Phi, Inc.) in
order to obtain depth profile of elemental
composition of passivation film. Ar" beam with
the energy of 1.0 keV was irradiated onto sample
surface at an incidence angle of 45°. The sputter
rate obtained by standard SiO, sample is 1.13 nm
min™' under present condition. The photoelectrons
emitted by monochromated Al Ko line (1486.7
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eV) were detected at take-off angle 6 of 45° with
respect to sample surface. The probing depth is
roughly deduced to be less than 5 nm, in the
present experimental condition.

For the non-destructive analysis on oxidation
state of elements in passivation film, HX-PES
was performed using synchrotron radiation with
the photon energy of 7942.5 eV at an undulator
beamline BL46XU in SPring-8. The synchrotron
radiation was monochromated by Si(111) double
crystal monochromator. Two Rh-coated curved
mirrors were placed at the most downstream of
optics hutch for the elimination of higher
harmonics and horizontal focusing. A Si(111)
channel cut monochomator mounted between
Si(111) double crystal monochromator and
Rh-coated mirrors was used to reduce photon
bandwidth for achievement of high resolution
HX-PES. A vertical focusing mirror was mounted
outside of optics hutch. The Gammadata-Sienta
R-4000 electron energy analyzer was used with
the input lens axis directed in the parallel
direction to the polarization plane of synchrotron
radiation beam. The photon energy and energy
resolution were checked by Au 4f;, core level
spectrum and Fermi edge spectrum with analyzer
pass energy of 200 eV. The full width at half
maximum of Au 4f;, was 470 meV. In order to
changing probing depth, take-off angle € of
emitted photoelectrons was varied from 15 to 80°
with respect to sample surface by rotating sample.

The spectra were analyzed using standard
least-squares-fitting with Voigt line shape after
subtraction of background by Shirley method [7].

3. RESULTS AND DISCUSSION
3-1 SX-PES combined with Ar' sputter
Fig. 1 shows depth profile of O, Fe, Cr, Ti, Ni

of SUS321 as a function of Ar’ sputter time (min).

The vertical axis represents atomic concentration
(%) of elemental composition calculated from
relative sensitivity factor, transmission function
of spectrometer and peak area intensities of O 1s,
Fe 2p, Cr 2p, Ti 2p, Ni 2p core level spectra. The
depth profile shows formation of oxide layer
(passivation film) on SUS321 surface. Ti atoms
with the atomic concentration of less than 5.0%
are uniformly distributed in depth direction. Here,
we should note that core level spectra of each
element were measured after destruction of
surface by Ar" sputter. Figs. 2 (a) and (b) show
Cr 2p and Ti 2p spectra at each Ar’ sputter time,
respectively. The Cr 2p;, peaks suggest the
existence of Cr’ and Cr’*, which are placed at
binding energy of 574.5 eV and 576.9 eV,
respectively. The peak components originated
from Cr’ grows at longer sputter time than 2.0
min. Ti 2p spectra suggest the existence of Ti*"
The full width at half maximum (FWHM) of Ti
2ps, become broader with increasing of Ar’
sputter time as shown in Fig 2(c), suggesting an
appearance of Ti in lower oxidation states (Ti*"
or Ti*"). One may consider that it reflects
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Fig. 1, Depth profile of O, Ti, Ni, Cr and Fe in
SUS321 as a function of Ar” sputter time (min)

(a) Cr2p (b) Ti 2p

3.5 min J w\J

!

1 |
600 590 580 570 470 465 460 455 450
Binding energy (eV)

Binding energy (eV)

-

A\

.
N
N
N

5.0 14
o~ FWHM of Ti2
S © OPHER3Z 5L (d) Cr metal / Cr oxide
L =
I L]
%4.0— o ._0':10— ..'oo
o e 3
= . Z 08
G L]
s 3.0 Q .
= S = 0.6
T . k5t .
= o E
9 . = 041
20fe @)
o L]
02
L]
L] = R R o221 1 1
0.0 20 40 60 00 20 40 60

Sputter time (min) Sputter time (min)

Fig.2, Cr 2p (a) and Ti 2p (b) spectra taken at each
sputter time. FWHM of Ti 2ps, (¢) and Cr metal / Cr
oxide ratio (d) as a function of sputter time,
respectively.

realistic distribution of various oxidation states of
Ti in depth direction. On the other hand, however,
it is possible to speculate that the appearance of
various oxidation states is result of reduction by
Ar" sputter.

Assuming that oxidation state of Cr oxide does
not change by Ar’ sputter according to ref. [8],
we obtain depth profile of peak area intensity
ratio of Cr’/Cr*" by analysis of Cr 2ps, peak as
shown in Fig. 2 (d). The profile suggests constant
distribution of Cr atoms in metallic state at
sputter time region between 0.5 and 2.0 min. Here,
we define an interface between passivation film
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and substrate at sputter time of 3.5 min, where
the Cr%Cr’" ratio increases by a middle of
maximum and minimum values.

3-2 Angle resolved HX-PES

Figs. 3 (a) and (b) show Cr 1s and Ti Is
spectra obtained using synchrotron radiation with
the photon energy of 7942.5 eV at 6 of 15°, 30°,
55° and 80°, respectively. The horizontal axis of
spectra represents in kinetic energy scale. We
must pay attention that probing depth strongly
depends on the kinetic energy of photoelectrons
even at same 6. The probing depth d is expressed
by 34sin 6, where A is inelastic mean free path
(IMFP) of photoelectrons. Approximately, kinetic
energies of Cr 1s and Ti ls photoelectrons are
1951 and 2974 eV, respectively. Assuming that
passivation film consists of Cr,O; and Fe,0;3, the
calculated IMFPs of Cr 1s and Ti Is using
TPP-2M formula [9] are about 3.4 and 4.7 nm,
respectively. The probing depth of Ti Is is about
1.4 times lager than that of Cr 1s in the
passvation film.

The Cr 1s spectra consist of two components at
each 0. The peak located at lower kinetic energy
side is assigned to Cr’’, while the other peak at
higher kinetic energy side is assigned to Cr in
metallic state. By analysis of line shape of Cr 1s
spectra, we obtained relative peak area intensity
ratio of Cr’ against Cr’" (Cr%/Cr’") as a function
of sin @ as shown in Fig. 3(c). The curve of
intensity ratio shows slight increasing at small sin
6 region and drastic increasing at larger sin 6
region. The intensity ratio is expected to increase
when a probing depth reaches around oxide/metal
interface. Thus, the interface defined in Fig. 2 (d)
may be placed at the region between sin 6 = 0.50
and 0.82 (calculated probing depth: 34sin 8= 5.1
nm and 8.2 nm) in the profile shown in Fig. 3(c).
Although, it is difficult to determine definitely
the oxide/metal interface due to less measurement
points of &, the probing depth is enough large to
reach interface. Here, we remind difficulty in
obtaining depth profile accurately by analysis of
angle resolved measurement due to heavy
dependence on assumed structural model and the
effects of surface roughness. Despite SX-PES
combined with Ar" sputter is destructive
technique, it is useful to obtain an atomic
concentration depth profile.

Ti 1s spectra show single core level peak at
kinetic energy of 2973.6 eV and satellite structure
at lower kinetic energy side. The difference in
kinetic energy between Ti 1s peak and satellite
structure is 13.4 eV. This is identical to the
previous work on TiO, powder using HX-PES by
N. Moslemzader et al [10]. The satellite structure
results from monopole charge transfer excitation.
For this reason, we assigned that the Ti Is peaks
were originated from Ti*". Interestingly, the
shape of spectra is independent to 6, meaning a
uniform distribution of Ti*" in depth direction
contrary to the result shown in Fig. 2. Thus, we
concluded that the appearance of Ti in lower
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Fig. 3, Cr 1s (a) and Ti Is (b) spectra taken at
various take-off angle 6, respectively. Relative peak
area intensity ratio (c¢) of Cr metal against Cr oxide
as a function of sin 6.

oxidation states found in the Ti 2p spectra
obtained by SX-PES is results of the reduction of
Ti*" caused by Ar' sputter. As mentioned above,
the IMFP of Ti 1s photoelectrons is about 1.4
times larger than that of Cr 1s photoelectrons
even at same take-off angles, i.e., the probing
depth of Ti 1s photoelectrons collected at & of
55° or 80° crosses well over the Cr’/Cr**
interface. It means that Ti atoms placed even at
below the interface are in the tetravalent state.

Previous studies on structural analysis of
FeOOH particle, which is corrosion product of
steel, precipitated from aqueous solution
containing Ti*" suggested that Ti*" promotes the
formation of a-FeOOH fine particles and inhibits
the formation of unstable B-FeOOH [5, 6]. It may
produce similar effects on stainless steel surface.
As a result, a dense passivation film consisting of
Cr oxide and a-FeOOH fine particles forms on
stainless steel surface, which prevents penetration
of harmful elements into the steel substrate.

Our present result, that Ti is in tetravalent
state even at below the passivation film, possibly
suggests that oxidation of Ti occurs prior to form
passivation film at surface. In that case, oxidation
state of Ti is important in formation of dense
passivation film on stainless steel.
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4. CONCLUSION

Oxidation states of Cr and Ti in the passivation
film formed on SUS321 were non-destructively
evaluated by HX-PES. The angle resolved Cr 1s
spectra suggest that HX-PES provides enough
large probing depth to evaluate oxidation states
of elements around or under the interface between
passivation film and stainless steel substrate
without etching surface layer. As a result, we
found that Ti atoms were in oxidized state (Ti*")
even at the deeper point than the interface.
However, it is difficult to obtain depth profile
accurately by angle resolved measurement.
HX-PES with the assistance of SX-PES combined
with Ar" sputter method is realistic way to
evaluate materials in depth direction.
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Development of femtosecond X-ray source in helium atmosphere
with millijoule high-repetition-rate femtosecond laser
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High intensity Cu Ko X-ray was generated in helium at atmospheric pressure (760 torr) using a
commercial millijoule high-repetition rate Ti: sapphire laser. The characteristic Ka X-ray was
generated by focusing the 0.06 mJ-1.46 mJ, 100 fs and 1 kHz repetition femtosecond laser
onto a solid Cu target to a spot with a 5 pm diameter. We obtained the characteristic Ko X-ray
of 5.4 x 10° photos/s into 27 sr at a 1 kHz repetition rate with 5.0 x 107 conversion efficiency.
Ka X-ray intensity can be enhanced with 4-8% prepulse plasma into 7.7 x 10° photos/s/sr with
6.8 x 10 conversion efficiency. The X-ray intensity and conversion efficiency in helium
achieved the almost the same level as in vacuum. Such vacuum-free femtosecond X-ray source
with a tabletop laser can be a promising and easy accessible tool for time-resolved X-ray

diffraction and other radiographic

applications.

The time-resolved X-ray diffraction

experiment would reveal the ultrafast dynamics in crystalline materials, such as coherent

phonon vibrations and ultrafast phase transitions.

Key words: laser-induced plasma, X-ray, ultrafast science, femtosecond laser

1. INTRODUCTION

Hard X-ray from femtosecond laser-produced
plasma has gained much interest, as unique time
resolved X-ray diffraction (XRD) experiments
demonstrate and reveal the atomic dynamics of
chemical reactions, phase transitions and coherent
phonon vibrations.[1-4] Those X-ray diffraction
and other X-ray radiographic applications such as
the time-resolved X-ray absorption fine structure
experiment would reveal the ultrafast dynamics of
coherent phonon vibrations and ultrafast phase
transitions, but also the structural dynamics of
light-sensitive organic materials. A variety of
femtosecond X-ray sources has been developed,
such as laser-produced plasma X-ray source,
ultrafast hard X-ray produced by synchrotron and
XFEL.[3,5-6] The intensity or coherency of X-ray
in synchrotrons or XFEL is quite high, however,
the instruments are very expensive and it is
required huge and complex facilities; moreover,
the availability of those huge facilities is limited.
Laser-produced plasma X-ray source are required
to be comparatively small, lab-scale facility.
Laser-produced plasma X-ray sources have
consisted of high-power (above 100 millijoule)
and low-repetition-rate (about 10 Hz) lasers and
the Ka-X-ray intensity using this large size laser
was reported to be 10°-10'" cps/sr  with
conversion efficiency of 107*-107.[7-10]
Generally an X-ray intensity of more than several
10® cps/sr is required for time-resolved XRD
experiments, and a laser-plasma X-ray of
10°-10"" cps/sr is desirable.[11] This intensity is
sufficiently high for the X-ray radiographic
applications. Nevertheless, the utilization of such
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ultrafast pulsed X-ray has been limited because of
the complexity of the huge vacuum system and
difficulty in managing a high-power laser. To
date, a huge laboratory-top laser and a large size
vacuum chamber are requisites to generate
ultrafast pulsed X-ray radiation. In this
laboratory-scale ultrafast X-ray source, there are
also some problems with target forms and debris
from the target caused by laser ablation.
Regarding the target form, thin tape or wire typed
targets have been used because the space in the
vacuum chamber is limited. The small tape or
wire target can be put in a vacuum chamber;
however target lifetime is quite short at about
several hours or at most a few days. It is difficult
to control the surface of the thin tape or wire
within a few micrometers. There is also the
problem of debris from the target. When the
high-power laser is focused onto the target, target
materials are blown off and deposited on the
focusing lens, windows, and other optics. Thin
polymer tape covers have been employed to avoid
the debris problem. Thus, such ultrafast pulsed
X-ray sources were required to be more compact,
easier to access, and have higher conversion
efficiency into characteristic X-ray.

Recently, the compact designed tabletop
submillijoule to several millijoule femtosecond
laser has been reported to be available for
generating hard X-ray with an intensity of about
10%-10'° cps/sr with the Ka X-ray conversion
efficiency of 107°-107°.[12-14] Although the
experimental scale of a femtosecond laser could
be successfully reduced with a tabletop
femtosecond laser, difficulties remain when using
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synchrotron X-ray

laser—induced plasma X-ray

High Power (>100mJ)

Low Power (~1mJ)

size of the facility

facility—top

laboratory-top

table—top

Laser forcsing
condition

in vacuum

condition

in atomspheric
condition

X-ray intensity

X-ray conversion
efficiency (K X-ray)

10" ~ 10" cps/mm?=
(mrad)?-0.1%

108 ~ 10" cps/sr

10™* ~ 107 [7-10]

108 ~ 10" cps/sr

10° ~ 107 [12-14]

108 ~ 10° cps/sr

~ 107 [16,17 this work]

available pulse
duration (estimation)

100 fs — 100 ps [3]

200 fs — 2 ps [18]

100 fs — 2 ps [18]

100 fs — 2 ps [18]

cost

extremely high

high

low

low

user—convenience

huge facility

limitation of utilities

huge laser system
complexity in utility of
vacuum

compact laser system
complexity in utility of
vacuum

compact laser system

no vacuum system

Table 1: General comparison of the laser-induced plasma X-ray with low-power femtosecond laser with
X-ray from synchrotron and high-power femtosecond laser.

a huge and complex vacuum chamber system;
such as target manipulation, target lifetime, and
debris emissions. Therefore, a high-intensity
X-ray source that can operate in atmospheric
pressure (760 torr) with a tabletop laser could be
a desirable tool for wultrafast time-resolved
measurements. Laser-induced plasma X-ray sources in
helium atmospheric condition have been reported,
however the X-ray intensity from these sources was
quite low.[15] Very recently, J. A. Nees et. al. has been
developed a high intensity X-ray source (~5 x 10° cps)
in helium atmospheric condition at the high plasma
intensity of above 1.0 x 10" W/em’[16,17]
Nevertheless, the high intensity plasma above 1.0 x 10'®
W/em? would extend the pulse duration of X-ray up to
picosecond order.

The plasma intensity generated on the laser focusing
spot, is the key parameter for the pulse duration of the
laser-induced plasma X-ray. The plasma intensity is
calculated with the laser power of a single pulse, its
pulse duration and the diameter of focusing spot. As for
the pulse duration of pulsed X-ray, computer simulated
study has been demonstrated that the pulse duration of
X-ray was extended with increase of the laser plasma
intensity.[18] At the plasma intensity of 1.0 x 10'
W/em? and 1.0 x 10'® W/en?®, the extension of pulse
duration was ~100 fs and ~1 ps respectively. Therefore,
laser-induced plasma source with lower (at most 5.0 x
10" W/cm?) plasma intensity is required for the

time-resolved X-ray diffraction applications.
Experimental methods for the pulse duration
measurement are the ultrafast streak camera

measurement and the pump-probe measurement of
ultrafast dynamics. The pulse duration of ultrafast X-ray
is directly measured with the streak camera. In the streak
camera lights are changed into electrons and the
electrons are accelerated and detected with the detector.
In this process, the generated electrons have wide-range
energy and it makes the pulse duration resolution of
streak camera more than a few picoseconds. Thus until
now, in order to measure the pulse duration of ultrafast
X-ray precisely, it is required to observe the ultrafast
change of X-ray diffraction patterns. In Table 1, we
summarized the general comparison among the X-ray

from synchrotron and laser-induced plasma X-ray with
high power and low power femtosecond laser.

When a high-intensity laser pulse is focused
onto a target, at first the pulse changes the
surface of the target into near-solid-density
plasma by ionization of surface constituents. The
absorption process of the laser pulse into the
surface materials varies with the intensity of the
laser pulse. For plasma intensities in the range I\’
<4 % 10" Wpm?/cm?, laser-produced plasmas are
reported to be absorbed into the target via
collisionless  processes such as resonant
absorption.[19-23] Hot electrons in the produced
laser plasma are interacted with the incident laser
pulse and are accelerated into the solid target. As
the high energy electrons are penetrate into the
target material, X-rays are generated via
ionization of target material by the high energy
electrons or bremsstrahlung. This X-rays are
generated when hot electron are on the surface of
the target; thus, the pulse duration of the
laser-produced X-ray is similar to the incident
laser pulse, i.e., several hundred fs. This
laser-produced plasma has the potential of a
unique, wide range of energy electron and
sub-keV to 100 keV range of hard X-ray source.

The generated X-ray intensity is enhanced with
prepulse, which produces very weak plasma on
the target surface prior to the main
pulse.[12,24-27] The mechanism of X-ray
intensity enhancement with prepulse is explained
by the strong interaction between electrons in the
preplasma and the main laser pulse. The prepulse
produces weak plasma on the surface of the target
and electrons in the plasma are gradually expand
from the surface within a distance of more than a
few micrometers in the time scale of 10—100 ps.
Then, the main pulse enters the plasma and the
dispersed electrons are accelerated into the target
surface. It has been reported that the X-ray
intensity with prepulse enhancement is three to
ten times higher than with only a main pulse, and
the time separation between prepulse and main
pulse is on the order of 10-100 ps.[12,27]
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Regarding prepulse, there is an advantage and
disadvantage; the advantage is improving the
X-ray yield and the disadvantage is the extension
of the X-ray pulse duration. The electrons in
plasma can expand from the surface to distance of
more than 30 um even in low vacuum pressure of
10 torr. A traveling distance of more than 30 pm
from the surface at the speed of light indicates
that the pulse duration extension was more than
100fs.

In this study, we demonstrated a compact and
high-intensity ultrafast pulsed X-ray source
constructed in a helium atmosphere at plasma
intensity (effective) of 1.0-4.0 x 10'® Wum?/cm?.
It is possible to reduce the overall size of the
X-ray source system without the complexity of a
vacuum system. It is also feasible to set a
long-lived and large-sized target regardless of the
vacuum chamber in air. The samples measured
with time-resolved XRD are placed close to the
X-ray generating spot without a vacuum system,
enabling the efficiently use of the generated
X-ray. This vacuum-free X-ray system allows us
to avoid the debris problem. At atmospheric
pressure, the debris cannot reach the focusing
lens or other optics, which are placed some ten
millimeters away from the focusing spot. With
helium or other gas jet, the debris can be easily
collected with a filter.

2. EXPERIMENTAL

Fig. 1 shows the experimental setup for
ultrafast pulsed X-ray generation with various
prepulse time separations. The mode-locked Ti:
sapphire laser generated femtosecond optical
pulses of about 100 fs duration with wavelength
at 800 nm, and the optical pulses were amplified
at about 3.5 mlJ/pulse through a regenerative
amplifier (Spectra Physics / Model Spitfire Pro
XP) with repetition rate of 1 kHz. The laser pulse
profile was TEM,, and it was p-polarized. The
optical pulse had a prepulse which was generated
in the regenerative amplifier laser system itself,
as leakage though the Pockels cell before the
final pulse of the pulse train was switched off.
The prepulse contrast to the main pulse was
measured to be 8 x 10, and the time separation
between the prepulse and main pulse was 20 ns.
The influence of the prepulse plasma on X-ray
generation is negligible in this time regime of ten
nanoseconds prepulse even if the prepulse
generates preplasma on the target surface.[12]

The optical pulse generated through the
regenerative amplifier was separated by the 1:9
beam splitter. The stronger pulse was changed its
polarization by the first A/2 waveplate and was
reflected in the part of the s-polarized pulse by
the polarized mirror. The intensity of the main
pulse can be varied with this polarized mirror.
The main pulse changed its polarization to p by
the second A/2 waveplate and penetrated a
polarized beam splitter that reflected the
s-polarized beam 30% and let the p-polarized
beam go through. The weaker pulse for inducing
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\ Si PIN photo detector

AI'320 m filter

1500mm

Prepulse line
I N

A2 waveplate

rotating
f=Y 1(>0.96) rpm

He gas is introduckd on
the focus spot
~300 mifmin

Polarized
beam splitter

moving
10(>4.8) tm/min

1:9 beam splitter

Infrared achromatic lens
f=40mm u target

12 waveplate 12 waveplate

The surface position of rotating Cu target is
controlled within 1 tm with precision bearings and

adequate tension of springs.
Polarized mirror

Main pulse line

Fig.1: The experimental setup for ultrafast
pulsed X-ray generation with various prepulse
time separations.

preplasma changed its polarization into s, went
through an optical delay line, and was reflected
by the polarized beam splitter. The main pulse
and prepulse were brought in the same line and
focused into a rotating copper target with an
infrared achromatic lens (f = 40 mm, N.A. = 0.2).
The focusing spot size was 5 pm, which was
measured by the crater size of the focusing spot.
This spot size was well corresponded to the
diffraction limit of this infrared achromatic lens
(4.8 um). The pulse duration of the laser pulse on
the surface of copper target was 100 fs. The
power of the optical main pulse was 0.06 mJ —
1.46 mJ and the power of prepluse was fixed 0.06
mlJ. The copper target was a circular cylinder of
100 mm diameter and 300 mm length. The surface
position of rotating copper target was controlled
within +1 pm with precision bearings and
adequate tension of springs, and was measured
with a micrometer during rotation. The copper
target rotates at a rate of 1 (> 0.96) rpm, which
could be varied in the range 0.24-1 rpm and
moves in the axial direction at the rate of 10 (> 5)
um/min, which gives a fresh copper surface with
each laser shot. An X-ray generating operation of
more than 20 days can be available with this
long-life copper target. Near the focus point
atmosphere in the Cu target system can be
changed between air and helium. The helium gas
was introducing with 1/4 inches gas nozzle and
the flow rate of helium gas was 500 ml/min. In
air, the debris from the target was not deposited
on the focusing lens or other optics. We also
made same X-ray generation system with Cu
target in a vacuum chamber to compare with the
X-ray intensity at atmospheric pressure in air and
under vacuum (20 mtorr).

The X-ray generated from focusing the laser
pulse onto a copper target was measured with a
PIN-Si photo detector (Amptek / XR-100CR)
which has a 300 um thick, 7 mm? square silicon
sensor. The detection efficiency of this PIN-Si
photo detector is approximately 100% for an 8
keV X-ray. The detector was sealed with 25 um
thickness Be window through which 8 keV X-ray
passes without any losses. A spectroscopy
amplifier (CANBERRA / 2022 Spectroscopy
Amplifier) was used to amplify the signal, which
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was tallied up with a multichannel analyzer
(SEIKO EG&G / TRUMP-MCA-2k). The detector
was placed 1500 mm away from the focuing spot
at an angle of 60°. In a vacuum condition, the
X-ray went through 3 mm in vacuum and 1497mm
in air. In helium atmosphere or in vacuum
conditions, a thin aluminum filter of 320 pm was
placed before the detector. This filter reduces the
X-ray intensity to 1.72% for a Cu Ka X-ray. The
long distance between the X-ray focusing spot
and the detector and the Al filter allowed us to
measure the X-ray photons as a Poisson
distribution single photon counting. Two different
photons cannot be detected at once in the order of
1 millisecond using a Si photo detector and
multichannel analyzer. If more than one photon is
in the same detecting time, the total energy of the
phonons will be measured with the Si photo
detector. In any conditions, it took 40 s to obtain
each X-ray spectrum.

3. RESULTS AND DISCUSSION

The typical X-ray spectrum obtained with the
Si-PIN photo detector is shown in Figure 2. The
dashed line with square symbols is the X-ray
spectrum measured with the Si-PIN photo
detector. The X-ray generated on the focusing
spot went through 1500 mm air and 320 pm Al
filter (in He atmosphere or in vacuum condition),
thus the X-ray intensity were reduced depending
on their energy to obtain the single photon
counting. The solid line with circle symbols was
calculated X-ray spectrum. X-ray radiation from
p-polarized laser is regarded as isotropic
radiation.[28] As shown by the solid line of
Figure 2, the strong Cu Ka X-ray line (8.05 keV),
KB X-ray line (8.91 keV) and a small part of the
bremsstrahlung X-ray were found in the energy
range of several keV.

In Figure 3, the Ko intensity was poltted as a
function of the plasma intensity in various
atmospheric conditions. The plasma intensity was
varied from 1.5 x 10"°-4.0 x10'® Wum?/cm? to
change the incident laser pulse energy in the
range 0.06—1.46 mJ/pulse by rotating the first A/2
waveplate of the main pulse line in Figure 1. At
this plasma energy, the laser absorption process
into the target is collisionless. The polarized
mirror in the main pulse line lets p-polarized light
pass through and s-polarized light be reflected. In
this condition, the prepulse line was blocked and
the influence of the preplasma was negligible. We
obtained high intensity Cu Ko X-rays with
2.6-5.4 x 10° photons/sr/s above the plasma
intensity of 2.0 x 10'® Wpm?cm? in He
atmosphere. This intensity was more than 60
times that in air, and close to the intensity of
1.2-1.8 x 10'° photons/sr/s obtained in vacuum.
Generally, a value of at least several 10° cps/sr
characteristic X-ray is required for time-resolved
XRD or other applications. In Figure 3, the
horizontal dashed line shows the X-ray intensity
of 1.0 x 10° cps/sr. We obtained an intensity of
5.4 x 10° cps/sr in helium atmosphere, which is
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Fig.2: Typical X-ray spectrum. The dashed line
with square symbols is measured X-ray spectrum
with Si-PIN photo detector, and the solid line
with circle symbols is the X-ray spectrum
calculated from the X-ray intensity reduction by
the air layer and Al filter.
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Fig.3: Ko X-ray intensity in  various
atmospheres; solid line with square: vacuum (20
mtorr), solid line with circles: in helium, solid
line with triangle: in air

sufficiently high for time-resolved
measurements.

The relationship between X-ray intensity and
the condition of the atmosphere can be
approximately explained with the mean free path
of electrons according to the collision model of
diatomoic molecules.[29] The electrons in the
plasma produced by the incident laser pulse
expand several micrometers. If the electrons
collide with the atoms/molecules of the
atmosphere gas and lose their energy before or
during acceleration with the incident pulse, the
electrons can not reach the surface of the target
and also cannot produce X-rays. In this collision
model of diatomoic molecules, the number of
electrons decreases exponentially as the electrons
move in the atmosphere. Thus, the X-ray intensity
can be expressed by the equation / = [ exp (-4/X).
Here, I, is the intensity of the X-ray generated on
the target, / is the intensity of the measured X-ray
in the atmosphere, and 4 and A are the traveling

X-ray
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length and electron mean free path in the
atmosphere, respectively. In this focusing
condition, electrons travel with the velocity of the
light about 1.47 um in atmosphere gases; 4 is
1.47 pum.[29] The electron mean free path in
vacuum conditions (20 mtorr) is 13 mm and 7/ [,
is 100% without any loss of diatomoic molecules
in this collision model, while the electron mean
free path in helium is 1.01 pum and 0.34 pm in air.
Therefore, the intensity ratio / / I, is about 30%
in helium and 1% in air. The X-ray intensity that
can be obtained in air is only 1% of that in
vacuum, i.e., 1.2-1.8 x 10" cps/sr. This means
that Ka X-ray intensity of at most 1.8 x 10°
cps/sr can be obtained in air which is smaller than
several 10% cps/sr and quite difficult to use for
the time-resolved X-ray measurements. The Ka
X-ray intensity observed in a helium atmosphere
was 2.6-5.4 x 10° cps/sr, which is about 30% of
1.2-1.8 x 10'% cps/sr measured in a vacuum. This
intensity is sufficiently high for the required
intensity of several 10° cps/sr. Thus, it is possible
to utilize the Ko X-ray generated at atmospheric
pressure in helium for the time-resolved XRD or
other applications.

X-ray intensity can be enhanced with prepulse
plasma because of the strong coupling between
the laser pulse and preplasma generated with
prepulse. The intensity of preplasma was 1.6 X
10" Wpm?/cm? which was 4-8% of the main
plasma power between 2.0 x 10'® Wum?/cm? and
4.0 x 10' Wum?*cm?, and the separation time

between the prepulse and the main pulse was 5 ps.

Above the plasma intensity of 2.0 x 10'°
Wum?/cm?, the obtained X-ray intensities with
prepulse were 1.3 times higher in helium and 2.0
times higher in air. The Ko X-ray intensity
obtained in helium with prepulse was 7.7x10°
cps/sr, which was 40% of the yield in a vacuum
without prepulse. In a vacuum, the Ko X-ray
intensity with prepulse enhancement has been
reported to be three to ten times higher than with
the main pulse only.[12,27] The prepulse
enhancement effect of Ko X-ray intensity in a
helium atmosphere was smaller than that in a
vacuum. At plasma intensity of 3.0 x 10'
Wum?/cm? in helium at atmospheric pressure, the
X-ray intensity with prepulse in helium was
almost constant for any separation time during
1-50 ps. However, the prepulse enhancement in
vacuum was reported to be higher and to have a
peak in the function of the pulse separation time
in the range of 30-50 ps.[12,27]

This result can be also explained with collision
of diatomic molecules. In vacuum conditions,
electrons generated by preplasma can expand
from a few to several micrometers from the target
surface because of the electron mean free path of
below 1 mm to 100 mm. Then, the electrons in
preplasma can be accelerated by the main pulse
and produce X-rays. However, in helium at
atmosphere pressure, the electrons in preplasma
can travel only 1-2 um from the surface because
the electron mean free path is 1.0l um. Almost

Transactions of the Materials Research Society of Japan

34[4]621-626 (2009)

all electrons in the preplasma interact with
helium atoms and lose their energy. A small
amount of electrons with very slow velocity
remain in the near-surface region of the target
and can be accelerated with the main pulse. These
electrons produce the X-ray with a prepulse
enhancement value of 1.3. Even though a
prepulse enhancement of 1.3 times was observed
in helium at atmospheric pressure, it is better to
construct the X-ray generation systems without
prepulse line. As shown in Figure 1, there are
some optical loss for building the prepulse line:
10% loss by the 1:9 beam splitter, 10% loss by
the polarized beam splitter, and a few percents
loss by the additional mirrors required to let the
main pulse and prepulse pass through the same
line. The total loss from constructing such a
complex main pulse and prepulse line amounts to
more than 30%. Thus, by removing the prepulse
line and increasing the main laser power, an
X-ray intensity 1.3 times higher than without
prepulse with plasma power of 4.0 x 10'
Wupm?/cm®> can be obtained in helium at
atmospheric pressure.

Above the plasma intensity of 2.0 x 10'
Wum?/cm?, the Ka X-ray conversion efficiency
calculated from the X-ray intensity and incident
pulse energy in helium at atmospheric pressure
was 5.0 (£0.2) x10°°, a value 60 times higher than
that in air (8.2 x 10°®) and close to the value in a
vacuum (1.8-2.1 x 107°). A Ko conversion
efficiency of 107 to 107 is also need to obtain
X-ray intensity of more than several 10% cps
required for time-resolved XRD. However, in air
the Ko X-ray intensity or conversion efficiency
was quite low; in helium at atmospheric pressure,
the Ka X-ray intensity and conversion efficiency
achieved the value of 5.4 x 10° ¢cps and 5.0 x 107,
which are sufficiently high for time-resolved
XRD or other X-ray applications. This
vacuum-free, compact and easy-to-access X-ray
generation system can be operated in helium at
atmospheric pressure. The conversion efficiency
obtained by other groups using high repetition
millijoule or submillijoule laser has been reported
to be about 4.6 x 10°-3.2 x107°[12-14] in
vacuum conditions and ~5.0 x 10 in helium
atmospheric conditions. The Ka X-ray intensity
obtained in helium at atmospheric pressure was
also of the same order as the other works using
high repetition millijoule or submillijoule laser in
vacuum conditions. Thus this compactly designed
high-intensity Ka X-ray source that can operate at
atmospheric pressure without using a large and
complex vacuum chamber can be a useful and
promising tool for the time-resolved XRD or
other radiographic applications.

4. CONCLUSION

High intensity Ko X-ray generation at a high
repetition was demonstrated with tabletop
commercial ultrafast laser system in helium at
atmospheric pressure. Millijoule, 100 fs laser
pulses were focused onto a well-controlled Cu
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surface at intensities of 5 x 10" to 4 x 10'¢
Wum?/em?. The intensity of the generated Ka
X-ray in helium at atmospheric pressure was 5.4
x 10° cps/sr with 1 kHz repetition rate and
conversion efficiency of 5.0 x 10°. This X-ray
intensity is close to that obtained in vacuum
condition and is high enough for the
time-resolved XRD or other X-ray applications.
The Ko X-ray intensity was enhanced with 4-8%
prepulse plasma into 7.7 x10° cps/sr and 6.8 x
10°®  conversion efficiency. Regarding the
prepulse, it would be better to construct a simpler
X-ray generation system without the prepulse line
because of the optical losses in the system. Such
a high-intensity, vacuum-free femtosecond X-ray
source with a tabletop laser could be a promising
tool for the time-resolved XRD or other
radiographic applications.
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X-ray reflectivity of a Pd-based amorphous alloy thin film was measured by an energy dispersive
method in the vicinity of crystallization temperature upon heating. A large number of oscillations
of X-ray reflectivity were clearly observed, because the surface of the amorphous alloy thin film
is extraordinary smooth. The oscillations of X-ray reflection became smaller after crystallization
of the film, as the surface roughness of the film is increased by grain boundaries. Thickness of
the film estimated from the distance between the peaks of the oscillations was decreased when

the film was heated to higher temperature than 140 °C.

It is considered that the crystallization

temperature of the Pd-based amorphous alloy thin film is about 140 °C.

Key words: amorphous alloy thin film, X-ray reflectivity, crystallization

1. INTRODUCTION

Amorphous alloys possess various attractive
properties for structural materials, such as high strength,
soft magneticity and corrosion resistance. Because of
those excellent properties, amorphous alloy thin films
are promising for micro/nano-electro mechanical
systems (MEMS/NEMS). In order to use amorphous
alloy thin films for MEMS/NEMS devices, measuring
crystallization temperature (Ty) of the films is important.
For amorphous thick films, whose thickness is larger
than several micron-meter, it is able to measure Ty by
using the conventional thermal analysis, e.g. differential
scanning calorimetry (DSC) or thermal mechanical

analysis (TMA), as same as bulky amorphous specimens.

However, it is difficult to measure T, by those thermal
analytical methods for thin films. It is considered that
measuring resistance of the film upon heating is one of
the traditional methods to determine T, of amorphous
thin films. But electronic current flows only on the
surface of the thin films, thus it is necessary to develop a
new method to measure T, of amorphous alloy thin
films. In the present study, the thickness of a Pd-based
amorphous alloy thin film was examined upon heating
by means of energy dispersive X-ray reflectivity
measurement.

2. EXPERIMENTAL PROCEDURES

Pd-based amorphous alloy ribbons were prepared by
melt-spinning using a Cu single roll, and Ty of the
ribbons was measured by means of DSC, which is one
of the conventional thermal analytical methods, at a
heating rate of 40 K/min. An amorphous alloy thin film
was deposited on glass substrate in vacuum by heating
alloy ingots. The thickness of the film was measured by
using a surface profilometer using a stylus. The
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as-prepared ribbons and thin film are amorphous, as no
sharp diffraction peaks are found in their X-ray
diffraction (XRD) patterns. In-situ measurement of
energy dispersive X-ray reflectivity of the film on
heating in a N, gas flow was performed by using white
X-ray and a pure Ge type solid state detector (SSD) at
BL-3C in Photon Factory, KEK. The grazing incidence
angle and reflection angle were fixed at 0.2° and 0.4°,
respectively. The cross sections of the incident and
reflected X-ray are 50 x 120 pm® and 25 x 50 pm?
respectively. X-ray reflectivity was measured for 8 s
every 10 s. The film was crystallized during the in-situ
X-ray reflectivity measurement, because diffraction
peaks from crystalline phases are found in an XRD
pattern recorded after the reflectivity measurement.
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Fig. 1 DSC traces of the Pd-based amorphous

melt-spun ribbons measured at a heating rate of 40
K/min.

3. RESULTS AND DISCUSSION
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Fig. 1 shows the DSC traces of the Pd-based
amorphous alloy ribbons. Exothermic peaks were
observed at different four temperatures. Among them,
the first exothermic peak is associated with
crystallization. Thus, Ty is 99 °C. The peak temperature
of the largest exothermic heat flow is 154 °C. It was
revealed by EPMA that the difference of the
composition between the Pd-based amorphous ribbons
and thin film is within about 5 atomic percent. The
thickness of the thin film measured by the surface
profilometer is about 120 nm.

Fig. 2 shows the X-ray reflectivity measured in the
present study. The white X-ray spectrum for BL-3C was
measured with Al attenuator whose thickness is 10 mm
and is also shown in Fig. 3. The specimen was heated up
at a heating rate of 10 — 20 K/min. The profile of
oscillations of the reflectivity changes at about 25 keV,
corresponding to Pd L-edge absorption. The oscillations
are clearly observed even though the photon energy is
high at lower temperature than about 140 °C. However,
they become faint for higher photon energy region, with
increasing temperature. As Albertini et al. [1] mentioned,
the thickness of the thin film can be estimated from the
distance of scattering parameter between the peaks of
the oscillations, Aq. Scattering parameter, q, is defined
as

_4zsinf |

A
where 0 is the grazing incidence angle and A is the
wavelength of X-ray photons having energy E. The
relationship between E and A is

E=h<s
P

where h is Planck's constant and c is the speed of light.
The thickness, d, of the thin film is obtained as

In the present study, the energy resolution of the SSD
used is 48 eV. When the energy distance of the peak of
the oscillations is 1500 eV or 1548 eV, the film
thickness is 118.4 nm or 114.7 nm. Thus, spatial
resolution is 3.7 nm.

Fig. 4 shows the calculated film thickness as a
function of temperature for the oscillations whose
photon energy is higher than Pd L-edge. The film
thickness was 130 nm approximately when the
temperature was lower than 140 °C, while it was about
127 nm for higher temperature than 140 °C. It seems
that this change in the film thickness is discrete. The
decrease in the film thickness upon heating means
increase in the density of the film. Therefore, it is
considered that the discrete change in the film thickness
was caused by crystallization and that the crystallization
temperature is about 140 °C.

As shown in Fig. 1, T, of the Pd-based amorphous
alloys used in the present study is 99 °C and is 40 K
lower than the crystallization temperature measured by
X-ray reflectivity. However, this difference is reasonable,
because the temperature of the film was not monitored at
the same place where the incident white X-ray is
irradiated and because the composition of the film is not
exactly the same with that of the ribbons. For more
precise analysis of the reflectivity, calculation of the
profiles of energy dispersive X-ray reflectivity should be

154°C
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148°C

146°C

143°C

Intensity (a.u.)

140°C

137°C

133°C
129°C

10 20 30 40
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Fig. 2 Energy dispersive X-ray reflectivity of the
Pd-based amorphous alloy thin film upon heating. The
profiles were measured every 10 s. The grazing incident
angle was fixed to 0.2°.

Intensity (a.u.)

10 20 30 40
Photon energy (keV)

Fig. 3 White X-ray spectrum measured using Al plate
which is 10 mm in thickness.
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carried out by using a model proposed by Albertini et al.
[1] in order to determine the film thickness.

4. CONCLUSIONS

Measurement of crystallization temperature of the
Pd-based amorphous alloy thin film was demonstrated
by energy dispersive X-ray reflectivity upon heating
using white X-ray and SSD. The thickness of the
Pd-based amorphous alloy thin film was decreased with
increasing temperature. The crystallization temperature
of the Pd-based amorphous alloy thin film was about
140 °C.
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X-ray specular and off-specular reflection was investigated to analyze the out-of-plane and
in-plane structures of a globular protein adsorbed at an air/water interface in the presence of a
salt. The x-ray reflectivity was used to obtain the electron density profile normal to the surface.
The electron density profile indicates the presence of a double layer consisting of a lower-density
lysozyme layer below a densely packed top layer. From the off-specular diffuse scattering, the
protein layer could be well described by a simple exponentially decaying height—height
correlation function with a correlation length of 500 A. This suggests that the protein molecules
aggregate and form islands on the water surface. A simple formula for describing the
off-specular excess scattering above the capillary wave fluctuation was proposed to explain the
lateral fluctuation of an inhomogeneous layer above a liquid surface.

Key words: x-ray reflectivity, off-specular diffuse scattering, PILATUS, air/water interface, lysozyme

1. INTRODUCTION

X-ray reflection is a powerful tool for investigating
the structure of buried interfaces. It can be used to obtain
the density profile normal to the surface with a
subnanometer spatial resolution. By carefully examining
diffuse scattering in the vicinity of specular reflection
peaks, structural information parallel to the surface,
namely the height—height correlation function, can also
be obtained [1].

The surface morphology of liquid surfaces is
governed by thermally excited capillary waves with
molecular-size  amplitudes and micrometer-order
wavelengths [2]. Sinha ef al. have theoretically
demonstrated that diffuse scattering from liquid surfaces
diverges algebraically at the specular reflection angle,
creating large tails that extend into the surrounding
off-specular region [3]. This theoretical prediction has
been verified experimentally for simple molecular
liquids [4-8] and liquid metals [7-10]. In contrast,
scattering that exceeds the predicted capillary
contribution has been observed for Langmuir
monolayers on a water surface [11-14]. Fukuto et al.
proposed a sum rule for scattering from an
inhomogeneous layer on a liquid surface [12]. They used
a simple exponentially decaying correlation function to
describe the height—height correlation function of a
Langmuir monolayer and they derived the correlation
length and the surface roughness.

However, x-ray off-specular diffuse scattering
measurements have been less popular than x-ray
reflectivity measurements for the following reasons:

1. A system with a high angular resolution is

necessary to detect the diffuse scattering intensity.

2. The scattered intensity is much weaker than the
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x-ray reflection.

3. The structural information is derived using a
complicated fitting procedure and 1is rather
ambiguous.

We recently developed a liquid interface reflectometer
at SPring-8 [15, 16]. This reflectometer is equipped with
a two-dimensional single x-ray photon counting pixel
array detector (PILATUS) and can achieve an x-ray
reflectivity of nearly 107 with an integration time of
only 1 s at each angle, exhibiting enormous potential for
rapid measurements.  Previously, time-resolved
measurements with a time resolution of 3 min were
performed for the adsorption of a globular protein on an
air/water interface [17].

In the present study, we exploit the advantages of the
two-dimensional PILATUS detector to investigate both
the x-ray specular reflection and the off-specular diffuse
scattering intensities to analyze the out-of-plane and
in-plane structures of a globular protein (lysozyme)
adsorbed at an air/water interface. We also propose a
simple formula for describing the diffuse scattering from
an inhomogeneous protein layer on a water surface.

2. GRAZING INCIDENCE X-RAY SCATTERING
TECHNIQUES
2.1 Liquid interface reflectometer

X-ray reflectivity measurements were performed
using a liquid interface reflectometer developed at the
BL37XU beamline of SPring-8 [15, 16]. Brilliant
undulator radiation at 15 keV (1= 0.826 A) was used as
the x-ray source; it had horizontal beam width of 50 um.
A single x-ray photon counting pixel detector, PILATUS
[18, 19], with an area of 487x195 pixels (172 pm/pixel)
was located 538 mm from the center of the sample. The
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integration time at each incident angle was 1 s. Each
pixel of PILATUS contains a charge-sensitive amplifier,
a shaper amplifier, a single level discriminator and a 20
bit counter. The counting rate capability depends on the
time constant of shaper amplifier, which is about 100
nsec in this experimental setup. This condition allows to
detect up to 10° counts/pixel/s within the dead time of
1%. A set of aluminum sheets with a thickness in the
range 1-6 mm was employed as an attenuator at the
incident angle a < 0.9° to prevent the counting rate
exceeding 10° counts/pixel/s. The scattering geometry is
illustrated in Fig. 1. The incident wave vector k;, strikes
the liquid surface at an incident angle «. The scattered
x-rays are characterized by the output wave vector Koy,
which makes an angle f to the surface and an angle 26
to the plane of incidence. The Cartesian components of
the wave vector transfer ¢ = k. — K;, are defined as:

q. = k[sin(@) +sin(B)]
q, = kcos(f)sin(26) , (1)
q,= k[cos(ﬂ) cos(20)— cos(a)]

where k = 2m/A. The typical FWHMs of the reflection
profile at the incident angle a of 0.01° projected on the
detector are 1.5 pixels horizontally (i.e., parallel to the
x-axis) and 2.0 pixels vertically (i.e., parallel to the
z-axis), which are related to reciprocal-space resolutions
through Ag, ~ k A(26) and Agq, ~ k sin(BAp.

L7

PILATUS

- Liquid surface
I

|

\2

z
Fig. 1 X-ray scattering geometry. Incident wave vector Ki,
strikes the liquid surface at an incident angle «. The scattered
x-rays are characterized by the output wave vector Koy, which
makes an angle £ to the surface and an angle 26 to the plane of
incidence. The scattering intensity is detected by PILATUS,
which is located L = 538 mm from the center of the liquid
surface.

2.2 X-ray specular reflectivity

In the specular reflection condition, the reflectivity is
measured as a function of g. when ¢, = ¢, = 0, or
equivalently f= o and 26 = 0. Figure 2 shows a typical
image around a reflection peak detected by PILATUS.
Since this reflection peak was detected over five pixels
horizontally, we considered the intensity measured five
pixels from the center of the peak to be background. A
reflection profile /(z) was obtained by summing the
signal intensities and subtracting the background as:

IZ) = 110{;1(2, x) —%[I(z, x==5)+1(z,x= +5)]}
@)

The total signal intensity corresponding to the first term
in Eq. (2) and the background corresponding to the
second and third terms are shown in Fig. 3. The
reflection profile over a range of four orders of
magnitudes was obtained after the background
subtraction.

The reflectivity is calculated by summing the
reflection profiles around the peak region of 13 pixels
and normalizing this value with the intensity of the
incident beam, which was monitored using an ionization
chamber [15].

N

I(2<x<+2

I (-7<x<-5) [(+5<x<+7) |,

= H 2

Fig. 2 Enlarge picture of an x-ray specular reflection image
on PILATUS. Each square corresponds to a pixel with
dimensions of 172 pm x 172 pm.
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Fig. 3 Integrated signal, integrated background and integrated
signal plus background for a reflection profile at o = 0.9°.

The x-ray specular reflectivity for liquid surfaces is
described by the Born approximation [7, 20]:

R(q.)= R |®(q.)[ CW(q.,T,y) » ©)

where Ry is the Fresnel reflectivity for an ideally flat
interface and ‘q)(qz)‘z is the intrinsic structure factor

normal to the surface, which is expressed as:

op(2)),, SR )

‘Q(qz )‘2 _p;ulk J-dz oz



Y. F. Yano et al.

where <p(z)>,, is the lateral average electron density
profile. CW(q,, T, y) is the surface roughness term due
to capillary waves and is given by:

CW(q,,T,y)=exp(-0.,q>)> ©)

waz kBT In D max >
2ry Aq,

where y is the surface tension, g, is the upper cutoff
for capillary contributions, which is determined by the
condition that the number of capillary wave modes is of
the order of the number of molecules per unit surface
area; this is equivalent to fiXing ¢, ~ 2n/d, where d is
on the order of the intermolecular distance. Ag, is the
instrumental resolution of Aq, ~ k sin(f)Apf, where Af is
related to the number of pixels summed to calculate the
reflectivity as 13 pixels x 0.172 mm/pixel / 538 mm.

with

2.3 X-ray off-specular diffuse scattering

In off-specular diffuse scattering, the scattering
intensity is measured at non-specular conditions: « # £,
or equivalently ¢, g, # 0. A S -scan method, in which
the scattered intensity is measured as a function of f at
constant ¢ has typically been conducted independently
of x-ray reflectivity measurements. In the present study,
we used the reflection profile normalizing with the peak
intensity of the reflection profile at the incident angle «
of 0.01°, which was assumed to be equivalent of the
incident beam intensity [, as the off-specular diffuse
scattering intensity.

The normalized intensity /1, is generally equal to the
convolution of the differential cross section do/dQ) with
an appropriate instrumental resolution function =:

I(q) _ 4°qy _ ldo .\ . (6
1, J‘kzsm(ﬂ) o )A dQ( )

E,(%,,09,)=<1 if|dg,|<Aq,
0 otherwise

The differential cross section for a homogeneous
liquid surface is described by the capillary wave model
[2,7] and can be written as:

(daj 1 (%j4TF(a)TF(ﬂ)
aQ),,, 167°\2) ¢sin@) (D

a2
q,

Xy

/2,

/2

max

for 7= (kpT/21y) q.> < 2, where A, is the cross-sectional
area of the incident beam, ¢, is the critical vector, and
TH ) is the Fresnel transmission factor [1]. The
scattering from a homogeneous liquid surface is
described by the characteristic power law 1/qx},.2"7 of
capillary-wave thermal diffuse scattering.

Fukuto et al. established a sum rule for scattering
from capillary fluctuations on liquid surfaces [12]. If an
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inhomogeneous film (in which the local electron density
deviates from the lateral average electron density profile
<p(z2)>y,) is formed on a liquid surface, additional
scattering is superimposed on the diffuse scattering:

(daj 1 (q. ¢ zze"’g"’2
dQ ) g 167>\ 2 ) sin(a) )

1 2.1 2”’7 q:() ! ’
J.d q‘}" 2 [j Cz(qu _qu)

X 0 \
(27[) q’U <Gmax qu max
®)

where ¢, is the average electron density ratio of the film
to the bulk phase, o3 is the root-mean-square roughness
of the film/gas interface, and C, is the Fourier transform
of a simple exponentially decaying height—height
correlation function cx(ry,) = 05’ exp(—ry/&):

270l &R s 9
Clg)=7 @
(g )
with a correlation length &

3. MATERIALS

The globular protein, lysozyme (LSZ), is elliptical in
shape with approximate dimensions 30x30x45 A®. It is
regarded as a rigid molecule due to the presence of four
disulphide bridges. LSZ was selected because its
three-dimensional conformation is very stable in
solution and its adsorption behavior has been
extensively studied [21-25]. Previously, time-resolved
x-ray reflectivity measurements were performed for LSZ
adsorbed at a air/water interface to investigate the

mechanism of adsorption-induced protein unfolding [17].

The time dependence of the density profile at the
air/water interface revealed that the molecular
conformation changed significantly during adsorption.
In the present study, we focus on the adsorption process
in the presence of a salt.

3xcrystallized and lyophilized hen egg lysozyme was
purchased from Sigma (Prod. No. L6876) and used as
supplied. Protein solutions were made using a phosphate
buffer solution (0.02 M NaH,PO,/Na,HPO,) of pH 7
(ionic strength: 0.02 M) using UHQ-grade water. Protein
solutions were made to concentrations of 43 mg/mL,
from which 1 cm® portions were added to a 42 cm’
buffer solution with 2 M NaCl in a Langmuir trough to
give final concentrations of 1 mg/mL.

4. RESULTS AND DISCUSSION
4.1 X-ray specular reflectivity

The reflectivity data were divided by the Fresnel
reflectivity of the buffer solution and the capillary wave
contribution CW(q,, T, y) given by Eq. (5). The intrinsic
structure factors for the buffer solution and LSZ in the
buffer were measured two hours after injection and are
shown in Fig. 4(a). They were fitted using a three-box
model using the Parratt32 software package [26] by
taking the thicknesses d, the electron densities p, and the
roughnesses o of the three slabs as parameters. Table 1
lists the obtained parameters for LSZ in the buffer
solution. The electron density profile shown in Fig. 4(b)

633
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differs slightly from that obtained previously at the same
LSZ concentration in the absence of a salt [17].
Subtracting the electron density of the buffer solution,
the areas of slabs 0-2 (where the air is considered to be
slab 0) and 2-3 are almost equivalent, suggesting that
the adsorbed LSZ forms a double layer consisting of a
densely packed first layer (slabs 0-2) above a thicker
LSZ layer with a lower density (slabs 2-3).

Table 1 Structural parameters for LSZ in the buffer solution
obtained by refining Fig. 4(a)

Slab Slab Electron Interface
number thickness density | roughness
d[A] p[e /A% a[A]
1 5.06 0.48 1.83
2 11.34 0.465 2.77
3 49.71 0.43 2.42
bulk 0.39 23.18
20—
[ LSZ in buffer ]
b (pH 7, 2 M NaCl) 1
L LSZ 0.9° ]
o~ 1.5+ .
= L )
T 12° 1
e [ |
- 10! 7%3?’%&%';3““"6“\!6””‘: 50000 u;
' (a) 1501 T
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Fig. 4 (a) X-ray reflectivity profiles measured 2 hours after
LSZ injection. The data were divided by the Fresnel reflectivity
of the air/buffer interface. The continuous lines are the fits to
the data. (b) Electron density profiles correspond to the fits to
the data.

The density profiles obtained by nonlinear
least-squares fitting of reflectivity curves is generally
not unique. Therefore, we examined the underlying
origin of the obtained x-ray reflectivity profiles to
evaluate their accuracy.

The structure factor of an N-box model with sharp
interfaces and uniform electron densities p; and py
becomes:

1
(g =—
Phuik , (10)
N N
X Z Z (p_,'+1 - p/' )(pk+l ~ Prx ) COS{qZ (Zk - Z/')}
Jj=0 k=0

where z; is the depth at which the jth interface is located.
The x-ray reflectivity profiles are mainly generated by
the interference between the x-ray beams reflected from
the interfaces having large electron density differences,
(pj+1 — py)- Since the electron densities of the air and slab
1 differ the most in the present case, we calculated the
terms with j = 0 and k¥ = 1-3 in Eq. (10) and plotted
them in Fig. 5. If the interface roughness is taken into
account, the amplitudes of the cosine curves diminish at
high ¢., and they fit the x-ray reflectivity profiles. The
broad peak around ¢, = 0.2 A™' is attributed to slabs 0-2,
which correspond to the first layer of the adsorbed LSZ.
The second layer (slabs 0-3) causes an additional peak
in ¢, < 0.1 A™, whose amplitude is proportional to the
amount adsorbed.

Fig. 5 Decomposition of the structure factor for x-ray
reflectivity profiles measured 2 hours after LSZ injection. The
data were divided by the Fresnel reflectivity of the air/buffer
interface.

4.2 X-ray off-specular diffuse scattering in g, direction

Figure 6 shows two-dimensional images of x-ray
reflection peaks for x-rays incident at a = 1.5°. The
intensity of off-specular diffuse scattering increased
drastically after LSZ injection. A small peak, known as a
Yoneda wing [27], is clearly visible at f = o, in Fig.
6(b).

(a) Buffer

~Jr

(b) LSZ

Fig. 6 Two-dimensional images of x-ray reflection peaks. (a)
Buffer solution. (b) LSZ in the buffer solution measured 2
hours after injection. A small peak called the Yoneda wing at S
= ¢, is clearly visible.

Figure 7 shows the normalized reflection profiles of
three different x-rays incident angles, which were
detected without the Al attenuator. The open symbols
correspond to those for the buffer solution, while the
filled symbols correspond to those for LSZ in the buffer
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solution measured two hours after injection. The central
peaks correspond to specular reflections.

The solid and dashed curves in Fig. 7 correspond to
the theoretically predicted intensities for the capillary
wave (CW) model calculated using Egs. (6) and (7) with
parameters y = 76.05 mN/m and ¢, ~ 2n/d = 27/2.8
A" for the buffer solution, y = 66.1 mN/m and g, =
21/30 A™' for the LSZ in the buffer solution. The

intrinsic structure factor ‘q)o(qz)‘z in Eq. (7) is

calculated by a polynomial fit of the observed data
shown in Fig. 4(a) in the region ¢, > 0.1 A™". Since the
differential cross section in Eq. (7) diverges at g, = 0,
we calculated the diffuse scattering intensities in the
region g, > 107 A" The calculated diffuse scattering
intensities with the instrumental resolutions of Ag,
~k A26) and Aq, ~ k sin(f)Ap, with A(26) ~ 2.3 pixels
x 0.172 mm/pixel / 538 mm and 453~ 3.0 pixels x 0.172
mm/pixel / 538 mm, which are 1.5 times larger than the
FWHMs of the reflection profile at the incident angle o
of 0.01°, exhibit good agreement with the observed
intensities for the buffer solutions at the three different
incident angles «. In contrast, the observed intensities
for the LSZ in the buffer solution are much larger than
the theoretically predicted intensities. This excess
scattering arises from the inhomogeneity of the surface.

1072 , y

N T
v = ¢ | SZin buffer
103 L @=09° } T °° buffer 4

10
10°
1004

107

Q) 'l

100 ran_

10712 ; 4
-===CW model for LSZ in buffer o
] —— CW model for buffer
10° . ! . !
0 1.0 2.0

1 degree

Fig. 7 Reflection profiles at a = 0.9°, 1.2°, and 1.5°. The solid
curves represent the theoretical predictions based on the
capillary wave model and are calculated using Eqgs. (6) and (7).
The observed intensities for the buffer solution (the open
symbols) exhibit good agreement with those for the CW model
(the solid curves), while the observed intensities for the LSZ in
the buffer solution (the filled symbols) are much larger than
those for the CW model (the dashed curves).

To obtain the structural parameters (i.e., the
correlation length £ and the root-mean-square roughness
of the film/gas interface o) of an inhomogeneous film
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formed on a liquid surface, Fukuto et al. performed the
gy, -integration in Eq. (8) numerically to fit the whole
pattern of the excess scattering [12,13]:

9| _ N9 |9 -y
I, inhmg I, I, img

To avoid such a complicated integration, we fitted the
observed excess scattering intensities away from the
specular condition with the following expression (see
Appendix Al):

{I(q)} VIR G (12)
I, inhmg (1+§2q2)5

The fitting parameters are the arbitrary constant N, the
correlation length & and the root-mean-square
roughness of the film/gas interface o3. Since the profile
width is related to & while the asymmetry of the profile
is related to o, these parameters can be obtained almost
independently of each other.
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bA0T) [ T T
: ?5009 )’:"‘7 f‘ (a)
2k ° i
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Q) /o) totar / (KQ) ! To) hmg
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Fig. 8 (a) Excess scattering from the inhomogeneous LSZ
film adsorbed by the buffer surface. The solid curves are the
best fits obtained using the inhomogeneous model expressed by
Eq. (12) with & = 500 A and o, =3.0 A. (b) The ratio of
measured intensity to the homogeneous (or CW) contribution.

The excess scattering intensities denoted by the
symbols in Fig. 8(a) are obtained by subtracting the
calculated intensity for the CW model from the observed
intensity. The best fit with Eq. (12) is obtained when &=
500 A and o =3.0 A (the solid curves in Fig. 8) for
three different x-rays incident angles a. The calculated
profile with £ = 600 A and o, =3.5 A (denoted by the
dashed curves) are also shown in Fig. 8(a) to indicate the
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differences. The fit is more clearly evident in Fig. 8(b)
showing the ratio of measured intensity to the
homogeneous (or CW) contribution.

The estimated correlation length of & = 500 A is
approximately 10 times larger than the LSZ molecule,
suggesting that the inhomogeneity originates from an
island above the buffer surface. It is reasonable to
conjecture that the LSZ molecules aggregate and form
islands in the manner shown in Fig. 9. As discussed in
Sec. 4.1, the x-ray reflectivity indicates that the adsorbed
LSZ molecules form a double layer. It is not certain
whether the whole or only the topmost double layer
forms the island. However, the electron density profile
shown in Fig. 4(b) differs from that obtained when no
salt was present [17]. To clarify this, we need to estimate
the arbitrary constant N in Eq. (12), which includes the
structure factor of the inhomogeneous layer, to correlate
the intrinsic structure factor derived from x-ray
reflectivity measurements. This will be discussed
elsewhere [28].

Inhomogeneous
EoA e
-t ol R, A

Capillary waves

Fig. 9 Schematic model of inhomogeneous LSZ layer
adsorbed at a buffer surface. The LSZ molecules aggregate to
form islands above the buffer surface.

4.3 X-ray off-specular diffuse scattering in g, direction

If the inhomogeneous layer has a particular structure
in a particular direction, the scattered intensities are
expected to differ in the ¢, and g, directions. Figure 10
shows the projection in the x direction of the x-ray
reflection peaks shown in Fig. 6. The profiles for the
buffer solution and for LSZ in the buffer solution appear
to be quite similar to each other, in contrast with that in
the g, direction. The diffuse scattering produced by the
surface inhomogeneity cannot be detected in the ¢,
direction, since the estimated effective coherence length
along the surface of 1/4¢, ~ 200 A is much smaller than
that in the g, direction of 1/4g, ~ 6300 Aat a=15°In
addition, there is no excess scattering produced by the
smaller lateral fluctuations.

o buffer

| a=15° § |
® |SZin buffer

-
o
w
T

Intensity (a.u.)

Fig. 10 x -projection of x-ray reflection peaks shown in Fig. 6.
The profiles for the buffer solution and for LSZ in the buffer
solution appear to be quite similar to each other.

5. CONCLUSION

We have analyzed the specular and off-specular
reflection from a globular protein, LSZ, adsorbed at an
air/buffer interface in the presence of a salt. The electron
density profile, which differs slightly from a previous
obtained result at the same LSZ concentration in the
absence of a salt [17], indicates the formation of a
double layer consisting of a lower-density LSZ layer
beneath a densely packed top layer. The off-specular
diffuse scattering from the buffer solution exhibits good
agreement with the CW model. By contrast, that from
LSZ in the buffer solution measured two hours after
injection is higher than predicted. We proposed a simple
formula to describe the excess scattering intensity. The
formula fitted the excess scattering at different incident
angles with a correlation length & of 500 A and the
root-mean-square roughness of the film/gas interface o
of 3.0 A, suggesting that the LSZ molecules aggregate to
form islands with diameters of about 500 A above the
buffer surface. The excess scattering produced by the
surface inhomogeneity was not observed in the g,
direction, since the estimated effective coherence length
along the surface of 1/4g, ~ 200 A is much shorter than
the correlation length of the inhomogeneous layer.

The PILATUS detector accurately obtains the full
range of x-ray specular and off-specular reflections in an
extremely short time (1 s), allowing the out-of-plane and
in-plane structures of a biological system at an interface
to be determined for the first time.
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APPENDIX
Al Derivation of Eq. (12)

In a previous study, Fukuto et al. performed the
qy/-integration in Eq. (8) numerically to fit the whole
pattern of the excess scattering to obtain the parameters
& and o, [12,13]. To avoid such a complicated
integration, we propose a simple formula to describe the
excess scattering intensity.

In the previous study, the electron density normal to
the surface for the inhomogeneous film ¢:ppu Was
assumed to be constant [12,13]. In contrast, in the
present study, the electron density varies with z (see Sec.
4.1). Therefore, we used Eq. (8)" instead of Eq. (8)

4 22
1 (do 1 . e 7t
—[—j ~ [“j |, (q.)
A, \dQ inhmg 16z~ 2 ) g:sin(a)

’ n
1 Idzqr?’fﬂ[ ] ¢a,-a,)

X
2 xy 12
(2”) 9y Smax qu max

with
o(p(2))
oz

@y

Xy iq.z
) e’q,

2—‘ ! Idz

| Bulk
E

@,(q.)




Y. F. Yano et al.

Furthermore, the asymptotic decay 1/g ;},2”7 in the
q,,/-integration can be roughly approximated with a
delta function 8(g,,") to give:
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where N is a factor generated by this approximation.

Except for the region close to the specular condition,
the scattering intensity profile is not greatly affected by
the instrumental resolution function. Thus, the
instrumental resolution function = can be replaced by a
delta function 8(g., — q.,):

(4, -d,)=5(q,—q,) iflg,[>>0 - (13)

Using Egs. (6), (8)", (9), and (13), we obtain the excess
scattering intensity:

{1((1)} VI T ()
]0 inhmg (1 + é‘fzqz )E

In spite of the rough approximations used, Eq. (12)
describes the excess scattering very well, as shown in
Fig. 8.

A2 Reply to Prof. Pershan’s comments

Below are several helpful comments given by
Professor Peter Pershan who has conducted a lot of
pioneering work on liquid surfaces and our responses to
them.
(1) Importance of defining the instrumental resolution
when  estimating the correlation length  of
inhomogeneities

“There is a fundamental problem in trying to separate
the effects of surface inhomogeneities from capillary
roughness that I would like to try to explain.
In principle if one had infinitely fine resolution the
capillary wave scattering for your model of the surface
would lead to an intense/sharp peak at g,,= 0 that would
dominate any of the excess scattering due to surface
inhomogenieties. This occurs because if gravity is
neglected the amplitude of the capillary peak is an
infinitely  high  singularity ~while the surface
inhomogeneities have a finite width/finite amplitude. As
the resolution becomes coarser the singular capillary
peak broadens and the intensity of the scattering due to
the inhomogeneities increases. At the point that the
resolution becomes comparable to the correlation length
of the inhomogeneities it becomes hard to distinguish
between these two signals. One way this can sometimes
be done is to compare the FWHM of the diffuse profile
(your Fig. 6) with the FWHM of the direct beam. For a
flat surface in which the capillary waves dominate the
diffuse scattering the FWHM width of the profile should
be comparable to the resolution determined width of the
direct beam. Is this true for you measurement?
On the other hand, if 1/ is comparable to, or smaller
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than, the resolution the two signals can not easily be
separated. One possible way for large n (i.e. for large
(kgT/21y) ¢.%) is that for large gy, the tails of the diffuse
scattering do become larger than the correlation
determined tails of the inhomogeneities (i.e. your Eq. 9
or 12) and that might be a good signature if you really
know the shape of the inhomgeneity induced scattering
and can show that the measured diffuse scattering is
dominated by the capillary form. This leads me to
comparing your Fig. 6 to Fig. 4 in Masa’s 1998 PRL
[12]. Note that for Masa’s figure the diffuse scattering at
p = a is the same for the homogeneous/inhomogeneous
surfaces. This means that that the specular condition the
scattering for the inhomogeneous surface is dominated
by the singular peak in the capillary spectrum. Masa
could be certain of this because he reports measurements
of the difference Al = (6 = 0) — 1(36) that is defined in
the second column of Masa’s 1998 PRL So long as 1/¢
> the resolution the excess scattering at f = a makes no
contribution to A/ and his Fig. 4 is just the excess. |
don’t know if you can do this with your data.”

— Unfortunately, we don’t have the direct beam profile
to compare with the diffuse scattering profile. However,
as Fig. 7 shows, the shape of the diffuse scattering
profile close to the specular region exhibits very good
agreement with that predicted by the capillary wave
(CW) model with an instrumental resolution estimated
from the FWHMs of the reflection profile at the incident
angle o of 0.01°. Furthermore, the effective coherence
length along the surface of 1/4g,~ 6300 A at o= 1.5° is
much larger than the correlation length & of 500 A for
the inhomogeneous layer, allowing the excess scattering
to be separated from the CW contribution in the present
case. Figure 8(b) shows the ratio of our measured
intensity to the homogeneous (or CW) contribution in
accordance with Masa’s Fig. 4 in 1998 PRL [12]. The
intensities at f = o deviate slightly from unity, which
might be caused by an error in the estimated
instrumental resolution or intrinsic structure factor

2 . .
‘(Do(qz)‘ . However, in contrast with Masa’s case, our

1/¢ is much larger than the resolution described above.
Furthermore, the diffuse scattering intensity from our
inhomogeneous layer is much larger than the CW
contribution out of the specular region, as shown in Fig.
7 and 8(b). We consider, therefore, that we do not have
to treat our data in the strict manner that Masa did and
that we can estimate the correlation length & outside the
specular region using the simple formula proposed in
this paper.

(2) Background subtraction

“When you subtract the background this way (See
2.2) you can also be subtracting a contribution from the
capillary waves at small g,. When we do something like
this the theoretical model that we use is the difference
between the capillary theory for the two signals.”
— We think we do not have to consider the CW
contribution in the background subtraction even though
we took a point very close to the specular region (g, ~
0.012 A™" as the background. As shown in Fig. 10, the
intensity outside of the specular region is almost
constant because of the scattering from the x-ray
windows, the bulk liquid, etc., which become much
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larger than the CW contribution when no receiving slit is
present.

(3) Formula describing the capillary wave model

“I don't use the Sanyal formula [6]. But, as I wrote in the
article in P. S. Pershan, “X-ray Scattering From Liquid
Surfaces: Effect of Resolution”, Journal of Physical
Chemistry B 113, 3639 (2009) [20], the Sanyal formula
is OK for reflectivity if 7 is less than one. On the other
hand, you can not use it if you want to subtract the out of
the plane diffuse scattering since it assumes an infinitely
wide resolution. You say that you do subtract
background but the theory that you compare the
background subtracted data with does not include this
effect.”

— We used Sanyal’s formula in the first draft and a
previous paper [15], because this formula can describe
both the specular and off-specular reflection profiles
using a single equation. As you pointed out, however,
this formula which has a ¢, shape instead of ¢,,” > as
a result integrating in the ¢, direction, which does not fit
the present case very well in which the resolution in the
g, direction is only several tens of times coarser than
that in the ¢, direction. In the revised paper, we
recalculated the diffuse scattering using Egs. (6) and (7)
instead of using Sanyal’s formula.

Figure Al shows an example of the theoretical
prediction for the CW model calculated using Egs. (6)
and (7), compared with that calculated using Sanyal’s
formula. In the specular region and the large f region,
Egs. (6) and (7) fit the observed intensity much better
than Sanyal’s formula.

10°° ; ;
Buffer solution
10-6 L a=0.9° i
o 107}
S

104
Vv Observed intensity v
----Sanyal's Kummer function v
1 —— Numerical integration using Egs.(6) and (7) %
10' L 1 L
0 1.0 2.0
[ degree

Fig. A1 Reflection profiles for the buffer solution at o = 0.9°.
The theoretical predictions for the CW model are calculated
using Egs. (6) and (7) (the solid curve is the same curve shown
in Fig. 7), and Sanyal’s formula (dashed curve).
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X-ray Reflectivity Evaluation of the Thermal Cycling Effects in Methylcellulose
Thin Films
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Changes in the layer thickness and roughness of as-prepared methylcellulose (MC) films with
thermal cycling were studied using the X-ray reflectivity technique. It was found that thermal
stress induced by rapid and slow thermal cycling brings no apparent changes in the surface and
interface roughness after thermal cycling. On the other hand, some reduction of layer thickness
was observed. With rapid thermal cycling, the relative shrinkage of the films is much higher at a
maximum of 5% change at 15 cycles. With slow thermal cycling, it remains at a maximum of
3.6% even after 20 thermal cycles. Such film shrinkage is highly dependent on the initial film
thickness and the amount of absorbed water molecules in the film.

Key words: thermal stability, thermal cycling

1. INTRODUCTION

Methylcellulose (MC) is a chemical compound derived
from cellulose and exhibits temperature-related inverse
solubility and gelation behavior in aqueous solution. It is
also known to exhibit thermoreversible volume phase
separation in water at a lower critical solution
temperature (LCST) of ~70°C [1]. At the LCST, polymer
chains undergo a coil to globule transition in solution due
to increased hydrophobic dehydration. In thin film
geometry, some previous reports [2,3] have pointed out
that water molecules are still trapped/absorbed in an MC
thin film at room temperature because of the hydrophilic
nature of the polymer and its low moisture vapor
transmission rate. The amount of such water remaining
in the film is extremely important, because it can affect
the property of the MC thin film, particularly with regard
to the temperature dependence of the surface and the
interface.

On the other hand, the thermal stability of the film
structure is of great importance, because thermal stress
can be induced due to the difference in thermal expansion
coefficient between the polymer layer and the substrate.
It is also possible to modify or enhance certain properties
such as alignment of polymer chains along a certain
direction and electrical conductivity [4,5]. We have
previously reported the thermal stability of MC thin films
heated at the supposed phase transition temperature for
volume phase separation in solution, 70°C, then
quenched to room temperature [6]. X-ray reflectivity
(XRR) measurements before and after the heating
process showed no significant change, indicating that the
MC thin film is quite stable in terms of the parameter
obtained from XRR, i.e., the density, the layer thickness,
the roughness of the surface and the interface between the
polymer layer and the substrate. However, the next
question is what happens when heating and cooling are
repeated.

In the present study, we applied thermal cycling to the
MC thin films to investigate further the thermal stability
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of the films if subjected to thermal stress brought about
by thermal cycling and also to ascertain if thermal cycling
can contribute to desorption of the water molecules in the
film. Thermal cycling of MC films was done at both slow
and rapid heating/cooling rates for different numbers of
cycles and the films were measured by XRR.

2. EXPERIMENTAL

Analytical grade MC polymer powder (with degree of
substitution (DS): ca. 1.6-1.9 and molecular weight
(MW): 4 x 10* gmol™") from Sigma-Aldrich Inc. was used
without further purification. An MC solution with a
concentration of 0.5% w/v was prepared in distilled water
via hot water dispersion and cold water dissolution. 60 pl
of the solution (with a temperature of ~10°C) was
pippetted onto a clean Si substrate and spin-coated at a
final speed of 5000rpm for 30 seconds. The prepared MC
thin films were stored in a dessicator for 24 hours prior to
measurement by XRR to obtain data before thermal
cycling. Thermal cycling was done by heating the films
to 80°C at a specified ramp rate, kept at 80°C for 10
minutes, then cooled down to 25°C and kept at 25°C also
for 10 minutes before starting the next cycle. Thermal
cycling was done continuously for each film between
25°C-80°C. Slow thermal cycling was done in a vacuum
oven (AS ONE AVO0-250N), without a vacuum, at a
heating rate of ~1°C/min while the cooling rate was
~1°C/3min. Vacuum heating was not done in order to
facilitate comparison with rapid thermal cycling, which
was done in open air with the use of a home-built
Peltier-controlled heating stage. The heating and cooling
rate was ~10°C/min.

XRR measurements of the films were done after
thermal cycling (that is back to 25°C) using a home-built
X-ray reflectometer with a 6-26 geometry and Cu as the
target. The incident X-ray energy used was Cu-Ka,
monochromatic X-rays 8.048keV (A=1.541A). The data
analysis was done based on least-squares fitting [7,8] to
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Parratt’s theoretical reflectivity. Further details of the
procedure are described elsewhere [6].

3. RESULTS AND DISCUSSION

Shown in Figure 1 are the XRR profiles of MC thin
films subjected to slow heating/cooling cycles for 5, 10,
15, 20 and 25 cycles. Thermal cycling for the specified
number of cycles was done on a different film and not
continuously on the same film because of the hygroscopic
nature of the polymer. In the data fitting of all the XRR
profiles, a simple single-layer model on top of the
substrate was used. The thin native oxide layer, SiO,, and
some possibly contaminated layers on top of the substrate
were neglected, because it was found that finally obtained
results are not affected by such layers. The critical angle
of MC was observed at around 2.2 mrad, and it agrees
well with that calculated from the reported density value
of the MC, 1.31 g/em®. As the angular spread of the
present reflectometer is nearly 0.1 mrad (this is mainly
limited by the energy resolution of the monochromator),
the precision in determining the critical angle at 2.2 mrad
will be around 5 %. In our case, detailed simulation to
see the shape of the curve in addition to the position of the
critical angle indicates that a density value of 1.31+ 0.06
g/lem® is reasonable in order to explain all the
experimental data obtained in this study. In other words,
the density change during thermal cycling at the
25°C-80°C range is not significant, being within 5 %.

The summarized thickness and interface roughness
parameters derived from the curve fitting are shown in
Table 1 for the slow heating/cooling cycle before and
after thermal cycling. In the model fit of the XRR
profiles, as previously mentioned, a single-layer model
was used and the native SiO, layer was entirely neglected.
We can assume that the SiO, layer does not change with
heating at 80°C, which is too low for silicon oxide to
grow in an ordinary environment. Polymer films
prepared by spin-coating are described as being in a
metastable state owing to the fast evaporation of the
solvent during spin-coating which leads to frozen-in
non-equilibrated chain conformations of the polymer [9].
Thickness changes associated with solvent loss can occur
at room temperature over time and ultra-slow structural
relaxation is expected [9, 10]. As seen from Table 1, the
decrease in the layer thickness of the polymer after 5-10
thermal cycles for MC films is so small that we can just
interpret this as no change in layer thickness with this
number of thermal cycles. Actually, layer thickness
changes of less than 5A are likely in polymer systems
because of the constant absorption/desorption of water
molecules or other gas over time.

X-Ray Reflectivity

10"

10—1:

5 10 15 20 25
Glancing Angle (mrad)

Fig.1 XRR profiles of MC thin films before (closed
shapes) and after slow thermal cycling (open shapes):

(a) 5 cycles (b) 10 cycles (c) 15 cycles (d) 20 cycles (e) 25
cycles. For clarity, all curves are shifted in the intensity
scale.

Significant film thickness change begins only from 20
and 25 thermal cycles which have 3.6% and 2.5% film
contraction respectively. The change in thickness of the
MC films can be due to desorption of absorbed water
molecules in the thin film with heating and structural
relaxation of the non-equilibrated polymer chain
conformations. The amount of film shrinkage in the slow
thermal cycling does not show a systematic dependence
on the number of thermal cycles in our study because of
the variability of the initial film thickness. The thin films
were all spin-coated at the same spin speed and spin time
but the final film thickness value varies around 250A
+15%. Film shrinkage appears to be easily observed in
thinner films. This phenomenon has also been described
in other polymer thin film systems which can be due to
the early onset of structural relaxation in thinner films [11,
12]. The variability of film thickness shrinkage may also
be due to the amount of water molecules actually
absorbed in the thin film such that the amount desorbed
during heating also varies. It is important to note though
that MC films do not show significant film contraction

Table 1: Layer thickness d and interface roughness o;,, parameters for the XRR profiles of the MC thin films before and
after slow thermal cycling.

Before heating After thermal Ab.solute Relative shrinkage
Number of thermal cycles cycling shrinkage
d; Gint dy Gi  (Ad=d;-dp) (Ad,e=(d; -d;)*100/d;)

A A) A A) A) (%)
5 280 17 278 15 2 0.7%
10 229 15 226 12 3 1.3%
15 254 10 254 10 0 0%
20 221 14 213 12 8 3.6%
25 243 5 237 5 6 2.5%
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X-Ray Reflectivity

5 10 15 20 25
Glancing Angle (mrad)

Fig. 2 XRR profiles of MC thin films before (closed
shapes) and after rapid thermal cycling (open shapes):

(a) 5 cycles (b) 10 cycles (c¢) 15 cycles. For clarity, the
curves are shifted in the intensity scale.

for 5-15 thermal cycles which means that they retain the
solvent (water) and the bound water is not easily removed
from the polymer structure. In Table 1, we have included
the values for absolute shrinkage and relative shrinkage
of'the thin films. Absolute shrinkage relates to the solvent
loss of the film while relative shrinkage relates to the
solvent loss per unit of thickness. Relative shrinkage for
the slow thermal cycling even after 20 and 25 thermal
cycles is less than 5%. Such thermal stability and very
slow solvent loss in the MC thin film is ideal for
applications that require moisture retention but slow
desorption of the absorbed water molecules.

Surface roughness for all the as-prepared films was
between 2A -5 A. This surface roughness corresponds to
a smooth film surface and subsequent evaporation of the
solvent with the heating/cooling cycle did not roughen
the surface. Surface roughness is dependent on the
evaporation of the solvent on the film [13]. Interface
roughness is expected to change more with thermal
cycling because of the thermal stress generated.
However, there appears to be no marked difference in the
interface roughness of the film before and after thermal
cycling as shown in Table 1. Even with films that have
higher interface roughness mainly due to film preparation
differences, interface roughness does not become any
greater after thermal cycling. This suggests that there is
no formation of holes or dewetting centers that will lead
to film rupture. This can be interpreted as good thermal
stability between the interface of the polymer and the
substrate even with accumulated thermal stress due to
temperature rise and the difference in thermal expansion
between the oxide layer of the Si substrate and the
polymer.

In the case of rapid heating/cooling cycles, the change
in film thickness is more rapid as shown in Figure 2. The
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values for thickness parameter, absolute and relative
shrinkage are summarized in Table 2. Change in
thickness is more apparent at the 5 and 15 cycle films
which have thinner initial film thickness. For the 5 and
15 cycle thin films, relative thickness change is 2.8% and
5% respectively. The slow thermal cycle only showed a
maximum relative thickness change of 3.6% at 20 cycles.
This means that rapid thermal cycles decrease film
thickness earlier than slow thermal cycles. This is
because of rapid solvent loss and minimal reabsorption of
water molecules in air because of the fast heating and
cooling rate. Since measurement after thermal cycling
was done at T=25°C, we can say that the contraction with
heating is irreversible, which means that the contraction
is mostly due to solvent loss. In the study of Orts et. al
[14], which reported similar contraction of polystyrene
(PS) films upon heating below the glass transition
temperature, 7, the contraction was reversible, that is the
films returned to their original thickness at room
temperature. The PS films studied were annealed at 90°C
to remove all the solvent prior to thermal cycling. Such
contraction was attributed mainly to the weakening of the
polymer network with moderate heating, which contracts
the film. After cooling, the network strengthens again and
the original film thickness is regained [9]. In our case, the
MC films were not heated to remove all the solvent prior
to thermal cycling. This step was omitted in the MC film
preparation because prior experiments showed that
drying at 80°C for 12 hours or 100°C for one hour did not
significantly decrease the film thickness. Only with
thermal cycling was significant change in layer thickness
observed, especially rapid thermal cycling.  The
increased thermal stress in the film due to the higher
heating rate and the sequential heating and cooling may
have dissociated the intermolecular and intramolecular
H-bonds within water molecules and/or between
water/MC interactions, which resulted in the faster
desorption of the bound water molecules in the film.

For the thicker 10-cycle film, relative thickness change
is only 1.1%. As previously mentioned, this non-uniform
response to thermal cycling might be due to the initial
film thickness and the actual absorbed water molecules in
the thin film. The 10-cycle thin film was the thickest
among the three samples used and thus film response
with temperature might be different from the thinner
films. For other polymer systems, as-prepared thicker
films expand when heated below the glass transition
temperature, similar to bulk properties [12]. This might
also be the case for thicker MC films for which film
expansion can occur instead of film contraction with
heating at temperatures below 7.

Comparing relative shrinkage values for slow and
rapid thermal cycling, values for rapid cycling are higher
than those for slow cycling. With slow thermal cycling,
the time elapsed during the cooling process may have
allowed the films to reabsorb water molecules in the
surrounding air and thus film shrinkage proceeds at a
slower rate. With rapid thermal cycling, films contract
easily with rapid evaporation and minimal reabsorption
of water molecules in air.

Because of variability in the initial thickness of film
used in this study, further investigations into the
correlation of film thickness with thermal cycling needs
to be done.
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Table 2: Layer thickness d and interface roughness o;,, parameters for the XRR profiles of the MC films before and after

rapid thermal cycling

Number of Before heating After thermal cycling Absolute shrinkage Relative shrinkage
thermal d, O ds Oin (Ad=d;-dy) (Adr=(di-d;)x100/d)
cycles (A (A) A) A) (A) (%)
5 214 6 208 5 6 2.8%
10 270 7 267 9 3 1.1%
15 257 10 244 9 13 5.0%

4. CONCLUSION

The influence of rapid and slow thermal cycling of MC
thin films was studied in order to investigate further
thermal stability and possible atomic-scale changes due
to thermal stress. It was found that MC thin films exhibit
only small changes in surface and interface roughness
after thermal cycling. On the other hand, due to solvent
evaporation and structural relaxation, some clear
thickness changes were observed after 20 thermal cycles.
In addition, with rapid thermal cycling, relative shrinkage
of the films is higher than with slow thermal cycling. A
5% relative thickness change was observed after only 15
thermal cycles. This is because of rapid solvent loss in
the film and minimal reabsorption of surrounding water
molecules in air. The increased thermal stress in the film
due to the higher heating rate and sequential heating and
cooling may have dissociated the intermolecular and
intramolecular H-bonds within water molecules and/or
between water/MC interactions, which resulted in the
faster desorption of the bound water molecules in the film.
Film shrinkage is highly dependent on the initial film
thickness and the actual absorbed water molecules in the
film such that there is no clear trend observed with the
number of thermal cycles and the magnitude of film
shrinkage.
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Spall Fracture of Metallic Aluminum Induced by Penetration of Liquid
Gallium-Indium Alloy and Moisture at Room Temperature
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The present paper reports on brittle spall fracture of aluminum foil and sheet at room temperature.
It was found that fairly rapid fracture takes place upon contact with liquid Gags;In;; alloy in the

presence of moisture.

A rapid increase in temperature was observed during the reaction.

Observation in a different atmosphere clarified that moisture has a strong influence on the
present fracture process, although the phenomena are basically correlated to embrittlement by

liquid Gag;Iny; alloy penetrating into the grain boundaries of aluminum polycrystals.

The fine

debris obtained through the spall fracture was identified as metallic aluminum, neither bulk

oxides nor hydroxides.

Key words: grain boundary, liquid metal embrittlement, fracture; moisture effects

1. INTRODUCTION

As is well known, when liquid gallium penetrates the
surface of metallic aluminum, it degrades the latter’s
mechanical properties [1, 2]. Recently, the interfacial
penetration of liquid gallium into the aluminum grain
boundaries was demonstrated by synchrotron X-ray
microscopy, including  micro-tomography  [3-9],
transmission electron microscopy [10] and atomic-force
microscopy [11]. Such penetration can be sometimes
even used to illuminate the grain boundaries of
aluminum alloys in scanning electron microscopy
observation. [12]. Although the reaction proceeds in
normal atmosphere, it does not take place at room
temperature, because the melting point of gallium is
29.8°C. It would be interesting, therefore, if it were
possible to lower the reaction temperature so that no
heating was necessary in order to maintain a fluid liquid
state. Indium-doped-gallium alloy, which is promising
as a contact material [13], forms eutectic at 15.7°C for
In:Ga=17:83. That is, the material is liquid at room
temperature. In the present research, the penetration of
indium-doped-gallium alloy rather than simple gallium
metals was investigated, with particular consideration
given to the influence of normal air and moisture.
Extraordinary effects, such as spall fracture of the
aluminum surface and rapid exotherm, are discussed
later.

2. EXPERIMENTAL

The samples studied in this research are metallic
aluminum foil (~ 15um t) and sheet (~ 0.3mm t), which
were cut into 10x10~30x30 mm samples. The surface
was rinsed with acetone before the experiments.
Commercially available liquid Gag;Iny; alloy (melting
point 15.7°C, Ultra-Pure Chemical Laboratory, Japan)
was dropped on to the center of a glass substrate. The
drop size was ca. 2~3mm in diameter. Then, aluminum
foil was placed on the drop and sandwiched with another
glass plate. The penetration of liquid alloy into the foil
was observed in different atmospheres: (i) vacuum

(~107 Torr), (ii) Ar (1 atm), (iii) dried N, gas (1 atm)
and (iv) in air.  For sheet samples, the alloy was simply
dropped on to the sample. Heating tests were carried
out in air. The samples were kept at 30, 50, and 70°C
for 30 min, respectively. For observation during the
experiments, a normal optical microscope (Type SCZ,
Carton), a metallurgical microscope (Olympus BX600),
a scanning electron microscope (S-3100ST, JEOL,
acceleration voltage 10 kV), and an X-ray powder
diffractometer (RINT2500, Rigaku Corp., Cu Ka
radiation, 40kV-300mA) were employed. A
thermocouple (type K) and digital multimeter (Keithley
2000) were used for measuring the temperature increase
caused by the spall fracture of aluminum.

3. RESULTS AND DISCUSSION

Fig. 1 shows the changes observed in the surface of
aluminum foil that had been in contact with liquid
GagsIn;; in a vacuum for 1 h and then exposed to air.
While no significant changes were apparent while in the
vacuum, exposure to air caused an abrupt change. In
most cases, the alloy penetrated from the back and the
color of the aluminum surface became non-metallic, i.e.,
gray, in a few minutes after exposure to air. The
changes proceeded in the following way: first, the center
became gray, then the outer region started to change,
and finally, the intervening region, i.e., between the
center and outer region, gradually changed. These
distorted regions did not recover and did not exhibit
additional changes even after a considerable time had
elapsed. The results were quite similar in an Ar or N,
environment. The color of the aluminum surface did
not change, but some roughening was visible around the
region where the Gag;In;; alloy was dropped. As soon
as the sample was exposed to air, the surface changed
dramatically. The gradual changes continued for a
number of hours, and finished after ca. 7 h. As shown
in Fig. 2, the area that underwent a color transformation
is formed around the small residue of Gagsln;; alloy,
which was located almost at the center of the aluminum
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Fig. 1 Optical microscope observation of embrittlement in aluminum. Liquid Gagln;; alloy was dropped onto an
aluminum surface in a vacuum (~107 Torr) and kept for 1 h. Then, the sample was exposed to the air. The series of

photos was taken immediately after such exposure.

foil. One can see a dark-gray angled belt, which
corresponds to the outer edge of the initial rapid
invasion of Gaglnj; alloy. The diffused border is
caused by subsequent slow changes.

In contrast, some differences in the final states were
observed when contact was made in air. In particular,
much depends on the humidity. For the 25x25 mm
aluminum foil, a complete color change was observed
for almost the whole surface (not shown here), but the
dark-gray belt shown in Fig. 2 did not appear.

Fig. 3 shows the observation of the effect of heating
in air on the surface of the aluminum foil in contact with
liquid GagsInj;. During heating, the color was almost
the same, even in air, but changed rapidly once heating
stopped. The extension of the gray area was dependent
on the temperature. The size for the sample kept at
70°C was much larger than that for 30°C. This
indicates that heating facilitates the diffusion of liquid
GagsIny; in aluminum, while fracturing does not occur in
this case. Cessation of heating and then cooling to
room temperature causes similar effects to removing the
sample after keeping it in a vacuum or in Ar or N, gases.
In the early stage of this research, some oxidation of the
surface was considered as the origin of the color changes,

mim

urrg

37}

Smm

mnnn
T

77
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Fig. 2 The effect of atmosphere in embrittlement of
aluminum. Liquid GagsIn;; alloy was dropped onto an
aluminum surface in an Ar (a) or N, (b) atmosphere and
kept for 1 h. Then, the sample was exposed to air.
The photos were taken after 7 h under an optical
microscope in air. The right-hand photos are
enlargements of the circled areas in the left-hand photos.
The dark gray belt was formed in the initial abrupt
reaction just after exposure to air. As indicated by the
arrows, one can see that the borders of the belt are quite
diffused, which correlates to the reaction slowing down.

but the results indicate that this is not true.

Therefore, in the present research, the influence of
moisture in air was examined. First, it was found that
keeping the sample in a drier was effective in
suppressing the reaction. The color of the aluminum
foil did not change even in air, in a manner similar to an
atmosphere of Ar or N, gases. Second, generally, the
sample becomes brittle simply by lowering the
temperature to the solidification point of Gags;In;; alloy.
However, we did not find any apparent quick changes
when the sample was put into liquid nitrogen. This is
due to the absence of moisture. Third, water was
directly instilled on to the sample in order to thoroughly
ensure the impact of moisture. Fig. 4 shows the drastic
fracture of aluminum sheet metal following the
instillation of water. The residue of GagIn;; alloy was
removed before instillation. ~ Within 30 sec after
dropping on the water, bubbles were seen, and the
sample was inflated, and fractured. The gray area,
which is caused by the erosion of Gags;In;; alloy, spread
during contact, but the border was not blurred.
Absorbing water induces rapid spall fracture and the
aluminum foil or sheet can be broken into fine powders.
Such a change can be observed several seconds after
instillation. Even in an Ar atmosphere, almost the
same results were obtained. We attribute this to the
penetration of water into the grain boundaries that were
expanded with Gaglny; alloys.  Almost the same
phenomena were confirmed when methanol was applied.
However, hexanes did not have any affect at all.
Probably, the polarity of the solvent affects the

30°C

Fig. 3 Effect of heating in embrittlement of aluminum.
Liquid GagsIny; alloy was dropped onto an aluminum
surface in air at various temperatures (30°C, 50°C and
70°C). The sample was placed on the hot plate, and
kept for 30 min. Cooling then started by switching off
the heater, and the upper photos were taken immediately
after that, and after some delay, the lower photos were
captured.



M. Mizusawa et al.

12mm

Fig. 4 (a) Brittle texture of aluminum formed by
contact with GagsIny; alloy and by exposure to air. The
surface color of the area invaded by Gag;In;; alloy
changed. (b) Spall fracture of aluminum by dropping
water onto the brittle texture shown in (a).

penetration of the grain boundaries. Fourth, surface
modification could affect the reaction with moisture in
air. One possible way of averting such erosion of the
Gagsln;; alloy would be to prepare an oxide layer on the
upper surface. It was confirmed that an anode
oxidation film made in 0.1M H,SO, at 10V for 10 min is
effective, and no special change was observed even
when the sample was placed in contact with liquid
Gag;Iny; alloy in air.

In order to further investigate the influence of water
on embrittlement, an aluminum foil in contact with
Gag;Iny; alloy for 22 h was placed in water. Fine
fractions were sampled from the precipitated materials,
and dried in air. Fig. 5 (a) shows a SEM image of
typical fragments that fractured rapidly from aluminum
foil through the addition of water. One can see
strip-like fragments of around 1x10 pm?, which are
covered with small triangular flakes up to 12 pm. In
contrast, when aluminum sheet was used instead of foil,
the size distribution of the fractured fragments ranged
widely from 0.1-100um, and the fragments were
typically flake-like. This is because the aluminum was
broken only along the direction of rolling and was not
torn into isolated grains. In addition, as shown in Fig. 5
(b), the fragments exhibit an X-ray powder pattern
corresponding to metallic aluminum. This indicates
that, because of the reaction, aluminum oxides and
hydroxides are only on the surface, not inside the grains.
In addition, the peaks from gallium, indium and their
oxide were not observed in this case. The amount of
Gagsln;; alloy absorbed at the boundaries was not so
significant.

Another important fact is that the spall fracture of
aluminum is exothermal. Fig. 6 shows the results of
temperature measurements of the water held in a vial
with a piece of aluminum metal. The vial is held in a
thermal insulator, and the initial temperature was kept at
20 °C. Gaglny; alloy was placed on the aluminum
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sheet for two hours before instilling the water. As
shown in Fig.6, the water temperature can be typically
raised higher than 25 °C, although this obviously
depends on the given amount of water, when the
aluminum metal is added. We observed that the given
amount of water could even become steam when the
amount is reduced to 1 ml or less. The rise in
temperature is due to the energy release of the chemical
bonding at the grain boundaries as solid bulk during its
drastic breakdown into micrometer-sized fractions.

It has been suggested that water has a crucial
influence on spall fracture. Such a drastic reaction was
not observed in experiments using pure metallic gallium.
One should note the differences in the wetting nature of
liquid gallium and GagsIn;; alloy with respect to a solid
aluminum surface. While liquid gallium is likely to be
aggregated, liquid Gag;Iny; alloy has a much smaller
angle of contact and therefore spreads over the surface
very easily [14,15]. The penetration into the grain
boundaries of aluminum is easier for liquid Gaglng;
alloy than for liquid gallium. The existence of a large
amount of water can cause the formation of some oxides
and/or hydroxides at the grain boundaries, which are
filled with liquid Gag;Iny; alloy spreading along the
interfaces.  Because of volume expansion through
solidification and/or formation of oxides/hydroxides
(although the total amount would be very small to detect
by X-ray diffraction), spall fracture of aluminum can

(200)
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1(222) (400) @ 12420
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Fig. 5 (a) SEM image of the aluminum fraction
obtained by adding water to foil that has been in
contact with GagsIny; alloy for 22 h in air. The white
dotted line shows the scale as 8um. (b) X-ray
diffraction pattern of the aluminum fraction. Indexes
of metallic aluminum are shown. A small peak at
32.9 deg (d=2.719A) is not from aluminum, and is
close to (-202) reflection of Al,O; (d=2.7295 A).
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Fig. 6 Measurement of temperature increase during the
spall fracture of aluminum. TC: thermo-couple gauge,
W: water and S: sample (aluminum sheet or foil
embrittled by Gag;In,; alloy).

take place. The phenomena found in the present
research are unique for a combination of GagsIn;; alloy
and metallic aluminum.  This is simply due to
penetration being much more rapid compared with
liquid gallium.

As for the much slower reaction with normal levels of
moisture that are present in air, instead of the intentional
addition of water, it is worthwhile mentioning the
change in morphology.  Metallurgical microscopic
observation in air revealed that there are two successive
steps in the change to the gray area; (i) it extends along
the grain boundaries, polishing scratches, and direction
of rolling, and then becomes dark but remains flat, and
(i1) it is raised up like a scale, and the surface becomes
rough. Since the second step takes place right after the
first step, the gray area remains flat around the borders.
The mechanical and electrical properties also changed
substantially. =~ The sample appeared to lose both
strength and good conductivity, indicating that the
aluminum foil became brittle and that the surface was
split into micro particles. The moisture can induce a
remarkable spall fracture just because of such a brittle
texture.

In summary, spall fracture of metallic aluminum foil
and sheet were studied. Liquid Gaglny; alloy can
penetrate into the grain boundaries of aluminum, and
break the texture into fine fragments rapidly in the
presence of water. The reaction is exothermal and can
heat its ambience.
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Recently, the contamination of electromagnetic environment has become more serious due to the
widespread use of electronic devices, namely those used for communication, computation, and automation,
among others. Therefore, with the rapid development in these technologies, there has been an increased
need for electromagnetic shielding in the radio frequency (RF) region. As one of the basic areas of
research for improving the electromagnetic environment, the present authors have developed a slit carbon
plate as an RF electric shield that displays orientation characteristics in the shielding results. Little is
known, however, about the orientation characteristics found in the RF electric shielding degree SDy, of the
slit carbon plate. The present authors examine and clarify the orientation characteristics found in the RF
electric shielding effects of the slit carbon plate. Experimental results show the dependencies of the
orientation characteristics on the length and width of the slit. For reference, the orientation characteristics

found in the RF magnetic shielding are also shown.

Key words: RF electric shielding, orientation characteristics, natural resource, carbon

1. INTRODUCTION

Recently, the contamination of electromagnetic
environment has increased with the rapid development
in the industrial field [1, 2]. Furthermore, the use of
natural resources is required in many applications, such
as those in robots, medical instruments, automobiles,
and aerospace, among others [3, 4]. Therefore, it is
convenient if a natural resource can be applied to the
problem of the reduction of -electromagnetic
environmental pollution. As a natural resource, the
present authors have developed a carbon plate that
displays orientation characteristics in the RF magnetic
shielding effects of a plane wave [5, 6], as one of the
basic areas of research for the improvement of
electromagnetic environment [7-9].

Little is known, however, about the orientation
characteristics found in RF electric shielding effects of a
carbon plate. To examine these characteristics, a slit was
cut in the center of a carbon plate; termed the slit carbon
plate. The RF electric shielding degrees SDgy, and SDg,
are measured when holding the slits horizontal and
perpendicular to the ground, respectively. The shielding
degrees decreased with an increase of frequency in the
region from 1 MHz (70 dB) to 400 MHz (36 dB), and
displayed similar characteristics. Furthermore, the value
of SDgy, in the frequency region of 400 MHz (36 dB) to
3 GHz (77 dB), increased with radio frequency. The
value of SDy, indicated an average value of 38 dB in this
frequency region. That is, the difference in the RF
electric shielding degree (SDgy —SDyg;) as related to the
orientation of the slit represents the orientation
characteristics. These orientation characteristics can be
used in the application of a switch for a microwave
guide, for the greater directivity of a low noise antenna,
and as a filter for a radio frequency band, among others.

Experimental results revealed several characteristics
of the slit carbon plate that include the dependencies of
the orientation characteristics on the slit length and slit
width. Also discussed are the orientation characteristics
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found in the RF magnetic shielding of the slit carbon
plate.

2. EXPERIMENTAL PROCEDURE
2.1 Fabrication of the slit carbon plate

In the present research, use was made of a commercial
carbon plate (TOYO TANSO, IG-110, 50 mm square,
thickness of 2 mm). A slit (width w of 1 mm, length L of
42 mm) was cut on the surface of the carbon plate with
the use of a diamond saw at a low cutting rate to prevent
any influence of heat and cracking [6]. In order to
facilitate the systematic investigation of the orientation
characteristics as related to the slit length L of the carbon
plate, a series of carbon plates with different slits (L of 7
mm to 42 mm, w of 1 mm) were manufactured. In
addition, slit carbon plates (L of 42 mm) having slit
widths w from 1 mm to 11 mm were constructed.
2.2 Experimental system for the RF
electromagnetic shielding effects

Figure 1 illustrates the geometry of the metal cells and
the carbon plate with the slit oriented horizontally to the
ground. The experimental system for measuring the RF
electromagnetic shielding effects, the electric shielding
degree SD; and the magnetic shielding degree SDy, was
arranged as reported in Ref. [5]. The RF output of the
tracking generator (HP, 8594E), which includes a
spectrum analyzer, in the frequency region from 1 MHz
to 3 GHz, is amplified by 50 dB by the use of broadband
amplifier (Kalmus, 210LC-CE), and then guided to the
transmitting antenna in the metal cell. The output of the
receiving antenna is amplified by 38 dB using a
preamplifier (Sonoma, 317), and guided to the spectrum
analyzer. The results from the spectrum analyzer are
then transferred through a GPIB cable to a laptop
computer. In the present research, the input power of the
transmitting antenna and the distance between both
metal cells were held constant at 10 dBm and 17 mm,
respectively. In addition, two metal cells were used to

measuring
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Fig. 1. Schematic diagram illustrating the metal cells and
apparatus used to measure the RF electromagnetic
shielding effects for the horizontal-oriented slit carbon
plate.

form a plane wave, such as reported in Ref. [7]. The
coaxial cable employed as the receiving line was
threaded through ferrite rings, in order to reduce any
interference between the transmitting and receiving lines.
Probe and loop antennae were used for measuring the
RF electric and magnetic shielding effects.

The RF electric shielding degree SD; was calculated
as follows, being defined in terms of the reduction in the
electric field that occurs due to the shielding material
[10]. In the present research, the value of SDy is defined
as SD; = 10 log,, (Pg/Pg,). Here, Py, and Py, are the
strength of the incident electric field and that of the
transmitted wave as it emerges from the shielding plate,
respectively. On the other hand, the value of the RF
magnetic shielding degree SDy; is determined by SD;, =
10 log,, (Pyo/Py,)- In this case, Py, and Py, are the
output of the magnetic field power of the receiving
antenna, with and without the carbon plate, respectively.
The values of SD;, for the horizontal- and perpendicular-
oriented slit plates are termed SDg; and SDgp,
respectively. The values of SD; when holding the slit
horizontally and perpendicularly are termed SD,,;, and
SDy;p, respectively.

3.RESULTS AND DISCUSSION
3.1 RF electric and magnetic shielding characteristics of
the slit carbon plates

Figure 2 shows the RF electric shielding degree SDg
for the non-slit and slit (slit length L of 42 mm, slit
width w of 1 mm) carbon plates as a function of
frequency f, under a constant RF electric output power
Py of 10 dBm of the transmitting antenna. In this figure,
the values of RF electric shielding degree SDgy (open
squares), SDgy; (open circles), and SDg, (solid circles)
represent the results for the non-, horizontal-, and
perpendicular-oriented (to the ground) slit carbon plates,
respectively. It can be seen that the values of SDgy, SDyy,
and SDg, decrease as the frequency f increases in the
region from 1 MHz (70 dB) to 400 MHz (36 dB), and
display similar shielding characteristics. In addition, the
values of SDg, increase as frequency f increases in the
region from 400 MHz (36 dB) to 3 GHz (77 dB), while
the values of SDg, indicate an average of 38 dB in this
frequency region. The difference in the values of
shielding degree of the carbon plates as related to the
orientation of the slit indicates the orientation
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Fig. 2. The RF electric shielding degree SDy of the
carbon plates as functions of frequency f, under a
constant RF output power P of 10 dBm. Here, the open
squares (SDgy), open circles (SDg,), and solid circles
(SDgp) represent the shielding characteristics for the
non-slit, horizontal-oriented slit, and perpendicular-
oriented slit plates, respectively.
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Fig. 3. Characteristics of the RF magnetic shielding
degree SD, for the carbon plates as functions of
frequency f [6]. Here, The open squares (SDyy), open
circles (SDyy), and solid circles (SDyp) represent the
values of SDy; for the non-slit, horizontal-oriented slit,
and perpendicular-oriented slit plates, respectively.

characteristics. The orientation characteristics display a
more remarkable effect as the value of f increases. For
example, the difference in RF electric shielding degree
(SDygy; — SDyp) is approximately 37 dB at 3 GHz.

Figure 3 [6] shows the characteristics of the RF
magnetic shielding degree, for the same plates as shown
in Fig. 2, as functions of frequency f, under a constant
RF magnetic output power Py of 10 dBm. In this figure,
the values of RF magnetic shielding degree of SDyy
(open squares), SDy;; (open circles), and SDy, (solid
circles) represent the results for the non-, horizontal-,
and perpendicular-oriented slit carbon plates. It can be
seen that the values of SDyy, SDyy, and SDy, for the
carbon plates increase with increasing frequency in the
region from 1 MHz to 3 GHz. In this frequency region,
the values of SD,y;, are low compared with those of SDyp.
That is, the orientation characteristics in the RF
magnetic shielding of the slit carbon plates are
completely opposite to those found in the RF electric
shielding. In addition, orientation characteristics in the
RF magnetic shielding are obtained over a broader
frequency region than those found in the RF electric
shielding.



T. Nishikubo et al.  Transactions of the Materials Research Society of Japan  34[4]647-650 (2009)

3.2 Slit length dependence of orientation characteristics
for the slit carbon plate

In order to facilitate a systematic investigation of the
orientation characteristics for the slit carbon plate, the
present research has modified the slit length L over the
region of 0 mm (non-slit) to 42 mm. Figure 4 shows the
characteristics of the RF electric shielding degree SDy, as
a function of slit length L. The open and solid circles
represent the values of SDgy, and SDy, for the horizontal-
and perpendicular-oriented slit plates at 3 GHz,
respectively, under a constant Py of 10 dBm. It is found
that values of SDg, remain constant at approximately 80
dB in the length region from 0 mm to 42 mm. However,
the values of SDy, decrease as the slit length L increases
in this region. It can be seen that the values of SD; for
the slit carbon plates display orientation characteristics
related to the values of L in the length region from 14
mm to 42 mm. That is, the difference in the RF electric
shielding degree (SDgy — SDgp) increases in the region
from 14 mm (15 dB) to 42 mm (37 dB) under the
frequency condition of 3 GHz. It is found that the
orientation characteristics are more remarkable as the
values of L increase.

The dependence of RF magnetic shielding degree SDy
on the slit length L for the same plates as shown in Fig. 4
is displayed in Fig. 5 [6]. In this figure, the characteris-
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Fig. 4. The characteristics of SDy for the slit carbon
plates as functions of slit length L. Here, the open (SDg;)
and solid (SDgp) circles show the results for the
horizontal- and perpendicular-oriented slit plates,
respectively, for the radio frequency of 3 GHz.
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Fig. 5. The characteristics of SD,, for the slit carbon
plates as functions of slit length L [6]. Here, the open
(SDyyy) and solid (SDyp) circles show the results for the
horizontal- and perpendicular-oriented slit plates,
respectively, at an RF of 3 GHz.

tics shown by the open and solid circles are the results of
SDyy, and SDy, for the horizontal- and perpendicular-
oriented slit plates, respectively, under the constant
conditions of f of 3 GHz and P, of 10 dBm. From these
results, it is again seen that the orientation characteristics
in RF magnetic shielding of the slit carbon plates are
opposite to those found in the RF electric shielding. It is,
however, found that these RF magnetic shielding
characteristics exhibited similar tendencies as those
shown in Fig. 4.

3.3 Slit width dependence of orientation characteristics
for the slit carbon plate

The orientation characteristics of the slit carbon plates
(slit length L of 42 mm) were then examined for various
slit widths of 1 mm to 11 mm. Figure 6 shows the
dependence of RF electric shielding degree SDy, for the
slit carbon plates on the slit width w, under a constant Py
of 10 dBm. In this figure, the open and solid circles
represent the values of SDyy and SDg, at 3 GHz,
respectively. It is found that both the values of SDg, and
of SDy, decrease as the slit width w increases for widths
from 1 mm to 11 mm. In addition, the slit carbon plates
tend to exhibit weaker orientation characteristics when
the slit width w increases in the region from 1 mm (37
dB) to 11 mm (4 dB). Also, similar tendencies for
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Fig. 6. The characteristics of SDy for the slit carbon
plates as functions of slit width w. Here, open (SDg;)
and solid (SDyg,) circles represent the values of SD; for
the horizontal- and perpendicular-oriented slit plates,
respectively, at 3 GHz.
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Fig. 7. The characteristics of SD, for the slit carbon
plates as functions of slit width w [6]. Here, open (SDy,;)
and solid (SDy;) circles represent the values of SDy for
the horizontal- and perpendicular-oriented slit plates,
respectively, at 3 GHz.
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frequencies in the range from 400 MHz to 3 GHz were
obtained for these widths (not shown).

Figure 7 [6] displays the distributions of RF magnetic
shielding degree SDy, for slit carbon plates (slit lengths L
of 42 mm) as functions of the slit width w, under a
constant Py of 10 dBm. The open and solid circles
represent the characteristics of SDyy, and SD,, for the
horizontal- and perpendicular-oriented slit plates at 3
GHz, respectively. As reported in Ref. [6], it can be seen
that the value of SDy, for the horizontal-oriented slit
carbon plate slightly decrease as slit width w increases in
the region from 1 mm (25 dB) to 11 mm (8 dB). On the
other hand, the values of SD,, for the perpendicular-
oriented slit plate remain constant in the width region
from 1 mm to 3 mm, and then exhibit a sharp decrease
as the slit width w increase in the range from 3 mm (70
dB) to 11 mm (20 dB). That is, over the slit width region
from 1 mm to 3 mm, the plates maintain high orientation
characteristics.

It was further determined that for values of both SDg
and SDy, [6] for all carbon plates, such as shown in Figs.
2-7, exhibited similar shielding characteristics in the
thickness region from 2 mm to 10 mm (not shown).

The orientation characteristics of the RF electric and
magnetic shieldings for the slit carbon plates as a
function of RF output power were also determined. Both
the characteristics of SDg and those of SDy, [6] displayed
no evidence of dependence on the values of RF output
power Py and Py in the region from 5 dBm to 30 dBm
(not shown).

4. CONCLUSIONS

With the rapid development in many technologies,
such as robots, medical instruments, automobiles, and
aerospace, among others, attention has been focused on
the electromagnetic environment and associated
problems. As one of the basic areas of research for the
improvement of electromagnetic environment by
employing a natural resource as a shield, the present
authors have developed a carbon plate that displays
orientation characteristics for a plane wave. Previously,
the orientation characteristics of RF electric shielding of
the slit carbon plate have been unknown. The present
research, therefore, examined and clarified the
orientation characteristics found in the RF electric
shielding of slit carbon plates. The results of present
research can be summarized as follows:

(1) The values of RF electric shielding degree SDg,
for the slit carbon plate perpendicular-oriented to the
ground were less than those of the shielding degree SDgy
for the horizontal-oriented slit plate in the frequency
region from 400 MHz to 3 GHz, such as was shown in
Fig. 2. That is, the difference in the shielding degrees of
the plates as related to the orientation of the slit
indicated the orientation characteristics.

(2) The orientation characteristics with regard to the
direction of the slit in the RF magnetic shielding of the
carbon plates were opposite to those found in the RF
electric shielding in the frequency region from 400 MHz

to 3 GHz, such as was shown in Figs. 2 and 3. In
addition, the orientation characteristics of the RF
magnetic shielding were obtained over a broader
frequency region than those found in the RF electric
shielding.

(3) The dependence of the orientation characteristics
in RF electric and magnetic shieldings on the slit length
were opposite of each other with regard to the slit
direction, such as was shown in Figs. 4 and 5. It was,
however, found that these RF electric and RF magnetic
shielding characteristics exhibited similar tendencies.
Furthermore, the RF electric and magnetic shieldings of
the slit carbon plate (w of 1 mm) displayed more
remarkable orientation characteristics as the values of L
increased.

(4) The differences, SDgy — SDgp and SDyp — SDyy,
decreased as the slit width w increased from 1 mm to 11
mm, such as was shown in Figs. 6 and 7. That is, the
most suitable condition for better orientation
characteristics in RF electric and RF magnetic shieldings
was to fabricate the carbon plate with a narrower slit
width.

These results indicate important criteria fundamental
to the design of practical RF shielding systems that
display orientation characteristics. The present authors
are now investigating the physical meanings related to
the orientation characteristics of the slit carbon plates.
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We have carried out the project for the useful utilization of the remaining rice hull as an industrial carbon

material. The rice hull carbon (RHC) powder is manufactured by carbonizing in a nitrogen gas atmosphere at

high temperature, then crushing and sieving. The rice hull has a natural porous structure. The diameter of the

unit cell is about 10um. The porous structure retained even after the carbonizing and crushing. The composite

material comprised of the RHC and Ethylene Propy -lene Diene Methylene linkage rubbers is manufactured by

molding and vulcanizing. In this study, the characteristic of electromagnetic wave absorption (reflectivity)

was measured in frequency band between SOMHz and 8GHz for the composite material. The composite

material possessed a high characteristic of electromagnetic wave absorption for 2GHz-8GHz. The

characteristics were further affected by the test piece thickness and theRHC powder content.
Key words: Rice-Hull, Porous carbon material, Rubber composite material, Electromagnetic wave absorption, Reflectivity.

1. INTRODUCTION

Rice is a staple food, and its amount is about
10 million tons per year in Japan. The rice hull is
the by-product of the rice and the amount is about
2.6 million tons per year [1]. About 1.7million tons
of the rice hull is reused as a fertilizer, a carbonizing
chaff and a soil conditioner, etc. The rice hull
contains about 80 mass% of the organic
constituent and 20 mass% of the inorganic
constituent. The main inorganic constituent is silica,
whose amount is more than 95mass% [2]. The authors
have carried out the project for the useful utilization of
the remaining rice hull as an industrial carbon material
[3.4].

The rice hull carbon (RHC) powder is manufactured
by carbonizing the rice hull in a nitrogen gas atmosphere
at high temperature, then crushing and sieving the
carbonized particles. The RHC powder contains about
56 mass% of the carbon, about 32 mass% of the
oxygen and about 9 mass% of the silicon.The
RHC powder is expected to use as a functional
filler for the plastics and rubbers, since it
provides new functions for the composite material
[5].

In this study, the characteristic of electro
-magnetic wave absorption (reflectivity) was
measured in frequency band between SOMHz and
8GHz for the composite material comprised of
RHC/Ethylene Propylene Diene Methylene
linkage (EPDM). More over, the influence of RHC
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powder contents and test piece thickness on the
electromagnetic wave absorption was evaluated.

2. EXPERIMENTAL PROCEDURE
2.1 Manufacturing process

Fig.1 shows the manufacturing process of the RHC
powder and the RHC/EPDM composite. At first, the rice
hull was carbonized in nitrogen gas atmosphere at 900°C
for 3 hours. The carbonized rice hull was then
pulverized by a mill to obtain the RHC powder. The
RHC powder was sieved by 106um meshed filter to
obtain the powder of 20um median diameter. The
composite material of the RHC powder and EPDM is
manufactured by molding and vulcanizing.

Fig.2 shows the natural porous structure of the rice
hull. The diameter of the unit cell is about 10um. Fig.3
shows the macrostructure of the RHC powder. The
porous structure retains even after the carbonizing and
crushing.

2.2 Test pieces

The electromagnetic wave absorption characteristic was
evaluated dividing the measuring bands into S0MHz
-3GHz and 2GHz-8GHz.

Fig4 (a) shows the test piece of S parameter
method for SOMHz-3GHz. The shape of the test piece
is toroidal. Fig.4 (b) shows the test pieces of arch
method for 2GHz-8GHz. The geometry of the test
piece is 300(w) x 300(h) x t(thickness).
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Fig.1 Manufacturing process of RHC powder and rubber composite material.
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(b) Test piece for 2GHz-8GHz.

Fig.4 Geometry of test pieces for electromagnetic
wave absorption. (a) is used for S parameter
method, (b) is used for arch method.

Fig.3 Macrostructures of RHC powder that was carbo

-nized at 900°C.
2.3 Electromagnetic wave absorption tests
The electromagnetic wave absorption in the SOMHz
Table 1 lists the RHC powder contents of the test -3GHz was measured by the S parameter method. Fig.5
pieces. The test piece thickness was 2.5mm for the test shows the measuring system of the S parameter
pieces to evaluate the effect of the RHC powder content. method. The test piece was put into a jig and the
The powder content was 300 per hundred rubber (phr) measurement, applied the incident wave perpen-

when the effect of the test piece thickness was evaluated. dicularly to the test piece.
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Table 1 Thickness and RHC powder contents of test piece.

No. | Thickness [mm] Content [phr]
1 100
2 25 200
3 300
4 400
5 0.5
6 1
7 1.5 300
8 2
9 2.5
10 5

Reflective Wave Incident Wave

>

1
1
1
1
i Testing folder
1

1

Reflectivity [dB]

Fig.5 Measuring system by S parameter method
for S0OMHz-3GHz.

Reflective

Incident

1
1
1
1
Wave '
1

Wave
RHC/EPDM

(300x300 mm?)

Metallic Plate

Reflectivity [dB]
(300x300 mm?)

Fig.6 Measuring system by arch method for 2GHz
-8GHz.

The electromagnetic wave absorption characteristic
under 2GHz-8GHz was evaluated by using the arch
testing method. Fig.6 shows the measuring system of
the arch testing method. The incident wave was
applied from the transmitter to the test piece. The
amount of  electromagnetic =~ wave  absorption
(reflectivity) was evaluated using the power loss
between the incident wave and the reflective wave in
each frequency.
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Fig.7 Effect of RHC powder content in RHC/EPDM
on electromagnetic wave absorption (reflect

-ivity).

3. EXPERIMENTAL RESULTS AND DISCUSSION
3.1 Effect of powder content on reflectivity

Fig.7 (a) shows the effect of the amount of RHC
powder on the characteristic of electromagnetic wave
absorption for S0MHz-3GHz. The electromagnetic wave
absorption was low, and about -3dB or less.

Fig.7 (b) shows the effect of the RHC powder on the
characteristic of electromagnetic reflectivity for
2GHz-8GHz. The test piece with 200 phr has
considerably high electromagnetic wave absorption of
about -35dB at about 7GHz. The test piece with 300 ph
has about -15dB peak value at about 5.3GHz absorption
frequency.

The distance between the RHC powders is considered
to be narrow in the RHC/EPDM in which a lot of RHC
powders were included. We have confirmed that the
high powder composite of the RHC/EPDM had a
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Fig.8 Effect of Board thickness on electromagnetic
wave absorption (reflectivity).

high electromagnetic wave shielding under low
frequency band of 1-1000MHz, although the wave
penetrated in the low powder content of RHC/EPDM.
The results of Fig.7 (a) implies that the electromagnetic
wave is almost reflected on the test piece surface under
low frequency bands. Therefore, it is considered that
there is a reasonable amount of RHC powder content for
the wave absorption.

Moreover, the peak absorption values and the
absorption frequency are changed with amount of the
filler content as shown in Fig.7 (b).

3.2 Effect of test piece thickness

Fig.8 (a) shows the effect of test piece thickness on the
reflectivity for 50MHz-3GHz. The test piece with
thickness Smm has the peak value of about -5dB at about
50MHz, and about -10dB at about 2.7GHz.

Fig.8 (b) shows the effect of test piece thickness on the

reflectivity for 2GHz-8GHz. The test piece thickness
1.5mm obtained the high electromagnetic wave
absorption of about -25dB at about 8GHz. Moreover, the
test piece with thickness 2.5mm obtained about -15dB at
about 5.5GHz, and the test piece with thickness Smm
was obtained about -10dB at about 2.6GHz. The peak
values and the absorption frequency are changed with
the test piece thickness.

These results show that there is an optimum
combination of the RHC powder content and the test
piece thickness to obtain a high electromagnetic wave
absorption for a given frequency band.

4. CONCLUSION

The characteristic of electromagnetic wave
absorption was measured in frequency band of
S0MHz-8GHz for the composite material of
RHC/EPDM. The authors evaluated the influence
of RHC powder contents and test piece thickness. The
summary of the obtained results was described as
follows.

(1) The considerably high electromagnetic wave
absorption of about -35dB at about 7GHz was
obtained for test piece with 200 phr.

(2) The peak values and the absorption frequency are
changed with the powder contents and test piece
thickness.

(3) There is an optimum combination of the RHC
powder contents and the test piece thickness to
obtain a high electromagnetic wave absorption
for a given frequency band.
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Production of Titanium Oxide Layers on Woodceramics
by Plasma Thermal Spraying
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The anatase titanium oxide (TiO,) powders were coated on the woodceramics, which were made
from radiata pine wood fiberboards carbonized at 923 K, by means of three electrodes type-plasma
thermal spraying in air, in which plasma was ejected from each electrode. Water-resistant and
photocatalytic performances of TiO, coated woodceramics were investigated. Both the rutile and
the anatase TiO, were produced after thermal spraying. A lower power thermal spraying produced
much amount of anatase TiO,. The water-resistant performance for the woodceramics was improved
by thermal spraying and thermal spraying with a lower power much improved this performance.
The photocatalytic performance determined from concentration variations of ethanol in a vessel
during an ultra violet light exposure to the woodceramics indicated that the concentration decreased
much faster (about 85 % decrease in 4 h) for the woodceramicas after thermal spraying. It is
indicated that photocatalytic performance was improved by thermal spraying.
Keywords: Woodceramics, thermal spraying, TiO,, photocatalytic effect, water-resistance

1. INTRODUCTION

Woodceramics [1], which are carbonized at elevated
temperatures in a vacuum after impregnating phenol
resin, are new kinds of porous carbonaceous materials
and ecomaterials that can be made from biomass like
wood wastes. They are expected to be used in a wide
range of industrial fields. Their mechanical properties
are dependent upon the amount of phenol resin and
carbonized temperature [2]. They are thought to be
very much attractive as one of the advanced building
materials because of high compressive strength [2] and
excellent electromagnetic shielding characteristics [3].

On the other hand, since the discovery of a
photosensitive anatase titanium oxide (TiO,) electrode
by Fujishima et al. [4, 5], photocatalytic TiO, has
received much attention because of their strong
photo-oxidizing ability when exposed to light. The
anatase TiO, degrades harmful organic contaminants
and provides antimicrobial function. More recently,
photocatalytic TiO, was synthesized in the form of thin
films, to take advantage of its functional properties over
a wide range of substrate materials. As a result,
commercialized products such as self-cleaning glass, air
cleaning lamp, wiperless windshield etc. have been
demonstrated [6]. In this study, to expand the fields of
industrial application and to functionalize the total
performances of woodceramics, we attempted to
produce anatase TiO, layers on woodceramics by means
of plasma thermal spraying. The organic contaminants
on the TiO, are generally decomposed into CO, and
H,O by absorbing the light, so that antifouling,
antibacterial or deodorant effects can be expected if
TiO, layers are produced on the woodceramics.

2. EXPERIMENTAL PROCEDURES
The starting woody material used in this study was
medium-density radiata pine fiberboards. These

materials were impregnated with phenol resin, and then
they were carbonized at 923 K in a vacuum. The final
products are porous carbonaceous materials called
“woodceramics”.

Three electrodes type-thermal spraying, in which the
plasma is ejected from each electrode to the
woodceramics surface, was carried out with an Ar-He
plasma in air. This thermal spraying reduces the
temperature increase in the powder, compared with that
by normal single electrode type-thermal spraying
technique. The arc voltage was kept to 34 V. The arc
currents and the spraying distances between gun torch
and the woodceramics were varied. Table 1
summarizes the experimental conditions for thermal
spraying. In this table, no powder means spraying
without powders to be supplied. The anatase TiO,
powders were automatically supplied from a glass
container to the gun torch and sprayed onto the
woodceramics board with about 100 x 100 mm?
(thickness was 10 mm). The Powder feeding rate was
approximately 10 g/min. The woodceramics surface
was thermally sprayed from top to bottom and number
of the transverse per one spraying scan was two for
sample C, and for other samples it was just one. The

Table 1 Experimental conditions for thermal spraying.

Sample Spraying Current Number of
Distance (mm) (A) transverse
No powder 80 230 1
Sample A 80 230 1
Sample B 80 200 1
Sample C 120 260 2
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Fig. 1 Surface of the woodceramics carbonized at 923 K.

scanning velocity was about 7.2 m/min on average for
all samples. X-ray diffraction (XRD)  measurements
were made using a JEOL JDX-11PA with Cu-Ka
radiation at 30 kV and 20 mA to identify the deposited
products on the woodceramics. Scanning electron
microscopy (SEM) observation with energy dispersive
X-ray (EDX) detector was also performed before and
after thermal spraying.

The small sized woodceramics samples were
immersed in pure water in a vessel for several times and
the water-resistant properties were investigated. The
photocatalytic performances were also measured. The
small sized woodceramics sample was put in a vessel
with volume of 4.7 {, and ethanol with initial
concentration of 1400 ppm was injected into the vessel.
An ultra violet (UV) light with intensity of 614 pW/cm?
was exposed to the woodceramics surface through the
quartz glass upper of the vessel. The concentration of
ethanol in the vessel was measured every one hour by
gas detecting tubes at a room temperature (298 K).

3. RESULTS AND DISCUSSION
Fig. 1 shows the surface of the woodceramics
carbonized at 923 K. Because the starting materials

';:' o \‘u‘ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
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z M
g i Before spraying
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Fig. 2 X-ray diffraction patterns for the
woodceramics before and after thermal spraying
without powders.

were medium-density radiata pine fiberboards, the
woodceramics still possess fiber-like structure showing
porous materials.

Fig. 2 shows XRD patterns for the woodceramics
before and after thermal spraying without powders.
Diffrerent from the graphite, one can observe only two
broad XRD peaks for both woodceramics indicating that
the structure of the woodceramics is turbostratic one
(long range ordering of the graphite structure almost
disappears but rough alignment of graphite interlayer
(graphene sheets) still remains). The carbonization
seems to be enhanced after thermal spraying without
powders, because the XRD intensity of the (002) plane
for the graphite slightly increases after thermal spraying.

Fig. 3 shows XRD patterns of the woodceramics
thermally sprayed with anatase TiO, powders at three
experimental conditions shown in Table 1. Two types
of titanium oxides, that are anatase and rutile, are
observed on all the samples indicating that the rutile
may be formed after partial melting of the anatase or the
anatase directly transforms into the rutile because the
rutile structure is the most thermally stable. XRD
intensities of the anatase TiO, for sample B, whose
spraying current is lower than that for sample A, become
stronger suppressing the formation of the rutile TiO,.
To increase the number of the transverse per one
spraying scan is also effective to suppress the
transformation of the anatase TiO, (sample C) because
the corresponding XRD peaks become stronger. We
had attempted to produce the anatase TiO, on the
woodceramics by a single electrode type-thermal
spraying at comparatively low power. However, in any
cases, the deposited products were the rutile after
thermal spraying, indicating that the single electrode
type-thermal spraying increased the powder temperature,
and enhanced the transformation to the rutile TiO, from
the anatase one.

Fig. 4 shows the surface of the woodceramics after
thermal spraying and corresponding EDX analyses (Ti
and O).  Although the woodceramics is porous
materials, the woodceramics surface is relatively
covered well with TiO,.

anatase

O rutile

Sample B

X-ray Intensity [a.u.]

Sample A

20 30 40 50 60 70 80
20 [deg]

Fig. 3 X-ray diffraction patterns for the
woodceramics after thermal spraying.
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Fig. 4 Surface of the woodceramics after thermal
spraying (sample C) and corresponding energy
dispersive X-ray analyses results for Ti and O.

Fig. 5 shows water-resistant performances for the
woodceramics with and without thermal spraying at
three experimental conditions. The performance for
the woodceramics without thermal spraying is also
included in Fig. 5. The water-resistant performance for
the woodceramics is improved by thermal spraying so
that the TiO, powders seem to deposit and seal the pores
of the woodceramics. Thermal spraying with
comparatively low power (sample B) much improves the
water-resistant performance, because of denser coating.
Further improvement is needed to functionalize the
woodceramics. Multiple number of spraying at the
present experimental conditions seems to damage the
surface since the performance of sample C is lowest
among them.

The photocatalytic performances of the woodceramics
before and after thermal spraying were determined by
variations of ethanol concentrations during an exposure
of UV light. The results are shown in Fig. 6. The
concentration variation in the vessel without sample is
also included in Fig. 6. The concentration decreases
with increasing the exposure time of the UV light for
both samples (with and without thermal spraying). The

30
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Saﬁnple B
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Remaining amount of pure water [ml]
_
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Fig. 5 Pure water immersing test results for the
woodceramics after thermal spraying at three
spraying conditions shown in Table 1.
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Fig. 6 Photocatalytic test results, determined from

ethanol concentration variations during an exposure

of ultra violet light, for the woodceramics before and

after thermal spraying. The result without sample is

also included.

woodceramics itself may absorb some amount of
ethanlol, however, the concentration for the sample with
thermal spraying (sample C) is much lower (about 200
ppm in 4 h, which is about 85 % decrease from the
beginning) than that without thermal spraying,
indicating existence of photocatalytic effect for the
woodceramics with thermal spraying of the anatase TiO,
powders.

4. CONCLUSIONS

We attempted to produce TiO, layers on the
woodceramics carbonized at 923 K by means of three
electrode type-thermal spraying technique with anatase

TiO, powders, and their water-resistant and

photocatalytic performances of the products were

investigated. The results obtained are summarized as
follows.

1. Thermal spraying with anatase TiO, produced two
kinds of TiO,, rutile and anatase, on the surface of
woodceramics. A lower power thermal spraying
suppressed the transformation of the anatase TiO,.

2. The water-resistant performance for the
woodceramics was improved by thermal spraying.
A low power thermal spraying enhanced denser
TiO, deposition even in pores of the
woodceramics.

3. The decomposition of ethanol during an ultra
violet light exposure was enhanced for the
woodceramics with thermal spraying, showing the
photocatalytic effect of TiO,.
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Recently, the generation of poisonous substances, such as formaldehyde, from adhesives or paints used for
interior finishing projects has become a serious problem. Dust and cutting chips produced while working
with woodceramics (WCS) are currently put into disposal. This study aimed to determine a way to recycle
dust and cutting chips. The authors focused on the excellent gas adsorptivity of WCS, and attempted to use
these materials in construction. Several paints were prepared to adsorb poisonous substances in the air to
prevent sick house syndrome. A large amount of wooden building materials, from which WCS are produced,
is discharged from construction sites every day. Therefore, if they can be reused as construction materials,
one of ideal recycles can be achieved. Thus, WCS have great potential to be used as eco-friendly materials.

Key words:woodceramics

1. Introduction

Wood ceramics (WCS) are a family of porous carbon
materials that are obtained from wooden construction
waste, sawdust, etc. by the following steps: (1)
compression molding is performed on a raw material
(wooden construction waste, sawdust, etc.), (2) vacant
spaces in the obtained material are impregnated with
phenol resin, and (3) the impregnated material is
carbonized between 200°C and 2000°C in an
oxygen-free atmosphere. WCS are light and hard, and
are now finding uses as materials for electromagnetic
shielding” ?, heating media® *, and moisture and
ammonia sensors” ®, based on their excellent
characteristics of thermal resistance, conductivity, and
cost performance. Moreover, their outstanding
adsorption performance has attracted attention in many
fields.

When the carbonization is performed at 800°C, the
obtained WCS shrink by approximately 20% in the
plane direction and 26% in the thickness direction after
the carbonization. This is because the shrinkage
percentage differs according to the fiber direction of the
wooden material, and consequently, deformation occurs
during carbonization”. Therefore, a secondary
fabrication, such as cutting and grinding, is performed

Fig. 1 Porous structure in WCS
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after the carbonization, when producing components
that require accuracy®. During this secondary
fabrication, large amounts of cutting chips and dust are
produced, and the majority of these are currently put
into disposal.

Volatile organic compounds (VOCs) such as
formaldehyde in residences and buildings have become
a health issue, and countermeasures to eliminate them
are urgently required. As shown in Figure 1, WCS have
a porous structure, which we recognized as possibly
having good adsorption performance. We therefore
proposed to mix cutting chips from WCS secondary
fabrication with a water-based emulsion type paint used
for interior finishing projects. Our hypothesis was that
the film of this mixed paint could have
formaldehyde-adsorbing properties. This would also
allow us to recycle the dust and cutting chips produced
while working with WCS, and to use these again as a
building material. The end result would be production
with close to zero emission (no waste would now be
generated in the process of manufacturing WCS
products from construction waste), as shown in Figure?2.
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l Product
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production
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2. Methods
This experiment primarily used a medium density

seen in response to changes in the particle diameters.
Therefore, particle diameter was eliminated as a factor

fiberboard (MDF) carbonized at 650°C as the WCS.
This type of WCS is currently employed in heating

elements of heaters etc., and it is expected to be the o 5

form used in the most applications. Cutting chips with <

0.05-0.1 mm particle diameters, which were produced R= | 0.56mm or more

while working with WCS using a cutting grinder, were 'S 4

used as the WCS powder in this experiment, on the ‘§ e

assumption of actual use. As a paint, F¥ ¥ %% g g 3 *0.32~0.42mm

water-based emulsion paint (Viny-Deluxe; Kansai Paint 2 5

Co., Ltd., Japan) was used. Generation of formaldehyde S g 00.11~0.15mm

from this paint itself was considered to have been "qi; 2 2

minimized. An emulsion-type gray paint (lusterless) 5 S 00.42~0.56mm
was used for the undercoating. % 1

A desiccator with a 5.4-L capacity was used in the g <>0.11less mm

adsorption test, and formaldehyde adsorption £ % 0.21~0.32mm A0.15~0.21mm

performance of the paint mixed with WCS was 0
investigated under at a temperature of 20°C + 1°C. In
addition, the standard mixing ratio of WCS to the paint
was determined to be 5%, based on the intensity of the
paint film”. The viscosity of the paint when mixed with
WCS was fixed (I.LH.S viscosity: 13—15 s) to minimize
the error in each test caused by the differences in the
mixing ratio. A plasterboard (60 x 60 x 12 mm) for
building use was used for all of the specimens, and the
emulsion-type gray paint was applied to the

0 2 4 6 8 10 12 14 16 18 20
Time(h)

Fig.3 Changes in the formaldehyde concentration
according to the particle diameter of WCS

undercoating. °
< 7
3. Particle diameter, carbonization temperature, and 4= 6 *1200°C
adsorption performance of WCS ,5 - X 1000°C
The quality and adsorption performance are reported § i o
to differ according to the carbonization temperature. 5 & 4
Therefore, the effects of carbonization temperature and g §
WCS particle diameter on formaldehyde adsorption ° S 3 -
performance by the paint film were first investigated. In =3 '% $750°C
the temperature comparison test, cutting chips produced S © 2
carbonized at 500°C-1200°C were used. In the = ] 0650°C
comparison test of the particle diameter, cutting chips at g N
650°C were classified into 7 sizes using sieves of 2 0 b—r— L0C

different meshes (#40#230) 0 2 4 6 8 10 12 14 16 18 20
The sieved chips were mixed with the paint to .
prepare the specimens. After mixing 5 wt% of the Time(h)
sieved chips with the water-based emulsion paint, the
mixed paint was applied to the plasterboard using a
spray gun. Since the diameter of the nozzle of the spray
gun was 1 mm, the paints mixed with WCS consisting
of particles larger than 0.56 mm were difficult to apply
using the spray gun. Therefore, these paints were
applied using a brush to form the films. After painting,
the surface of the specimen was ground using a #240
emery paper, and the adsorption performance was
investigated (adsorption test).

For the adsorption test, approximately 5—6 ppm
formaldehyde gas was generated in the desiccator by
burning 0.001 mg paraformaldehyde. The formaldehyde
concentration was measured using a formaldehyde
meter (Formaldemeter htv; JMS Inc., Papan) for 20 h
(20°C + 1°C) at intervals of 30 min. The formaldehyde
adsorption amount was compared among the painted
specimens.

Figure 3 shows the changes in the formaldehyde
concentration according to the particle diameter of
WCS. No difference in formaldehyde adsorption was

Fig.4 Changes in the formaldehyde concentration
according to carbonization temperature of WCS

(A) Production temperature of 650°C and sieve mesh #50
(B) Production temperature of 1000°C and sieve mesh #300

Fig.5 Difference in the porous area between
carbonization temperatures
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affecting the formaldehyde adsorption performance of
the paint film.

Figure 4 shows the changes in the formaldehyde
concentration according to the carbonization
temperature of the WCS. Formaldehyde adsorption
performance was greatly affected by the carbonization
temperature, Paint films mixed with WCS chips
carbonized at 500°C and 600°C were excellent in their
formaldehyde adsorption performance. As shown in the
scanning electron microscope (SEM) photographs in
Figure 5, the porous area of carbonized WCS was
reduced as the carbonization temperature was increased.
The adsorption capacity of WCS fired at a lower
temperature was therefore greater than that carbonized
at a higher temperature.

5. Comparison with other adsorbents

Activated carbon and bincho char both have
excellent adsorption performance, and they are often
used for interior work such as damp-proofing
materials or adsorbing VOCs. In this experiment,
specimens were prepared by applying a water-based
emulsion paint mixed with either WCS, activated
carbon, or bincho char at a ratio of 5 wt%.
The difference in the formaldehyde adsorption
performance among these specimens was then
investigated. The experimental conditions were the
same as described above; i.e., approximately 5-6 ppm
formaldehyde gas was generated in the desiccator
before the measurement. Figure 6 shows the
comparison of formaldehyde adsorption performance
among the three specimens. Formaldehyde adsorption
performance of WCS was inferior to that of either
activated carbon or bincho char, particularly during the
first 3 h. However, 20 h after the initiation of the test,
the formaldehyde concentration in the desiccator was
approximately 0.5 ppm when activated carbon or
bincho was wused, and had been reduced to
approximately 0.6 ppm by WCS. Therefore, if any of
these adsorbents are used for longer than 20 h, the
formaldehyde concentration in the desiccator will be
reduced to almost the same level.

6. Application of WCS to organic-solvent-based
paint (lacquer)

When a paint itself is a source of formaldehyde
generation, this can be inhibited by mixing WCS with
the paint. By mixing WCS  with an
organic-solvent-based paint, we thought that the release
of formaldehyde immediately after paint application
would be inhibited. For this test, WCS, activated carbon,
or bincho were mixed with a lacquer-based paint, and
the formaldehyde concentration in the desiccator after
paint application was compared. As shown in Figure 7,
the effect of WCS was lower than that of activated
carbon or bincho on inhibition of formaldehyde release.
However, the difference in the effect among the three
adsorbents became smaller with time, with no
significant difference observed at slightly less than 20 h
after the initiation of the test. In total, the formaldehyde
concentration was reduced by half. Therefore, mixing
WCS into a laquer-based paint could reduce generation
of formaldehyde from the paint after its application.
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7. Effect of the mixing ratio of WCS on paint
lightness

The paint lightness was decreased after mixing with
WCS. Using the L*a*b* colorimetric system (JIS
78729), the effect of the different mixing rate of WCS
cutting chips on the decrease in lightness was
investigated. The mixing rate was set to be 0%, 5%,
10%, or 15%. In addition, a grey color paint with
lightness 59 (L*) was used for the undercoating. A
spectrophotometer ~ (CM-600d;  Konica  Minolta
Holdings, Inc., Japan) was used to measure the
lightness. As shown in Figure 8, the lightness decreased
by approximately 12, 21, and 25 (L*) when 5%, 10%,
and 15% WCS were mixed, respectively. Since a
general gray paint was used for the undercoating in this
experiment, the lightness was lower when the paint with
the mixing ratio of only 5% was used than when a
general gray paint for top-coating was used. If a paint
mixed with WCS is used for interior work, the mixing
ratio should be below 5% in order to minimize the
decrease in lightness.

When WCS was mixed with paint, not only lightness
but also the gloss of the paint film was decreased.
Figure 9 shows the relationship between gloss of the
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paint film and the mixing ratio of WCS obtained in
accordance with JIS Z8741. As shown in this figure,
gloss was reduced by half in all of the measurement
angles when 10% of WCS was mixed. The highest
concentration (5%) of WCS to be used as an interior
material decreased gloss by 30%—40%.

8. Conclusion

This study demonstrated that by taking advantage of
its porous property and by mixing it with paint, WCS
could be effectively used as a material having a
formaldehyde adsorption function. The carbonization
temperature of WCS affected formaldehyde adsorption
performance, and paint films containing WCS
carbonized at 500°C and 600°C (the porous area was
larger) were excellent in formaldehyde adsorption
performance. Formaldehyde adsorption performance of
WCS was inferior to that of activated carbon or bincho
char within 5 h after the initiation of the test. However,

100
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Fig.8 Decrease in the lightness of paint by mixing

with WCS

Luster (Gs85/60/20)
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Ratio of WCS (%)

Fig.9 Ratio of wes and luster of the painting

the performance of WCS was expected to be similar to
that of activated carbon and bincho char when they
were used for longer than 20 h. When mixed with

organic-solvent-based paint, WCS could inhibit
formaldehyde generation at the initial stage. Although
the lightness of a paint film decreased when WCS was
mixed with paint, its range was allowable when WCS
was used as an interior material. By mixing with paint,
WCS powder and cutting chips produced in secondary
fabrication could be utilized effectively. Based on the
results presented here, we are convinced that the
production of WCS with almost no discharging waste
can be achieved.
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In this research, we studied the characteristics of the carbon electrode from
carbonized wood and its influence on the performance of Polymer Electrolyte Fuel
Cell (PEFC). The carbon electrodes were made by pulse current sintering 32-45 um
wood charcoal powder at 800, 1000 and 1200°C under vacuum. The microstructures of
carbon electrodes were observed by scanning electron microscopy (SEM), and the
electrical conductivity of carbon clectrodes was measured at room temperature by a
four-probe-method. The evaluation of the performance of current-voltage was
conducted in a single cell of PEFC with carbon electrodes. The electric conductivity
increased slightly with the sintering temperature. The current-voltage measurement
provided an overall quantitative evaluation of the fuel cell power density. A maximum
power density of 0.0079 W/cm? was obtained in the carbon electrode sintered at
800°C. It can be considered that the porous structure of carbon electrode affects the

power density.

Key words: carbon electrode, wood charcoal, polymer electrolyte fuel cell

1. Introduction

Research on the development of new energy sources
has recently been receiving considerable attentions due
to the increasing concerns on the environmental
problems. Traditional energy production based on fossil
fuels such as oil and coal is on the verge of exhaustion.
Currently, we are paying attentions to the fuel cell as an
innovative clean power generation.

Polymer electrolyte fuel cell (PEFC) is a device to
convert chemical energy to electrical energy. In PEFC,
current is generated by a simple electrochemical reaction
involving the transfer of charge (electrons) between an
electrode and chemical specie. The electrode performs a
significant role in the function of PEFC and flow of
electrons and gases [1-3].

In this research, we studied the characteristics of the
carbon electrode from carbonized wood and its influence
on the performance of PEFC.

2. Experimental Procedure

Japanese cedar (Cryptomeria japonica) was chopped
into 30-mm-sized pieces. These pieces were heated in a
laboratory-scale electric furnace at a heating rate of
4°C/min up to a temperature of 700°C under an Ar gas
flow (100 ml/min) and maintained at that temperature
for 1 h. Wood charcoal powder with particle sizes in the
range 32-45 pm was prepared using sieves and vibration
mill. The powder was put into a 20-mm-diameter
graphite die, which was sintered at 800, 1000 and
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1200°C under vacuum using a pulse current sintering
device (S S Alloy Co. Ltd., VCSP-II). The temperature
was raised at a rate of 500°C/min and maintained for 30 min.
The pulse current sintering method is a novel process
where metals, ceramics and composites can be sintered
in short time [4-6]. As the current passes through the
graphite dies as well as the sample, the sample is heated
from both the inside and the outside at the same time. In
this technique the phenomenon of microscopic electric
discharge between particles is generated under pressure.
After the reaction, it was naturally cooled to room
temperature. A pressure of 40 MPa was applied as soon
as sintering was commenced and was released
immediately after the reaction had been completed. The
reaction temperature was monitored by measuring the
temperature of the front surface of the graphite die using
an optical pyrometer. Finally, the carbon electrode made
by pulse current sintering from wood charcoal powder
was 20-mm-diameter and 2-mm-thickness. The carbon
electrode was used as the gas diffusion layer and current
collector.

The Pt/C catalyst ink was sprayed onto both sides of
the Nafion 115 membrane. The amount of Pt/C catalyst
used in the spraying technique was 2 mg/cm®. The
carbon electrodes were hot-pressed onto both sides of
the Nafion membrane at 140°C for 30 min to form a
MEA. The carbon electrode had a round shape and the
diameter was 20 mm. The MEA was installed into a
single cell of PEFC.
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The microstructures of carbon electrodes were
observed by scanning electron microscopy (SEM), and
the electrical conductivity of carbon electrodes was
measured at room temperature by a four-probe-method
(Loresta HP MCP-T410). The evaluation of the
performance of current-voltage was conducted in a
single cell of PEFC with carbon electrodes. Humidified
hydrogen and air gases flowed into the anode and the
cathode at 0.01 MPa and open condition, respectively.
The fuel cell was operated at room temperature.

3. Results and discussion

Figure 1 shows SEM images of cross sections of
carbon electrodes sintered at 800 and 1200°C. In the
carbon electrodes sintered at 800°C, the particles were
closely packed (Fig. 1 (a)), while in the carbon
electrodes that had been treated at the higher sintering
temperature, the particles were even more closely
packed (Fig. 1 (b)).

10.0kV x3500 S5pm ——

Fig. 1. SEM images of cross sections of carbon
electrodes sintered at (a) 800°C and (b) 1200°C.

The bulk densities of carbon electrodes are shown in
Fig. 2. The bulk densities showed a tendency to increase
with sintering temperature. A maximum in the bulk
density of 1.09 g/em® was reached in the carbon
electrodes sintered at 1200°C. It is considered that the
condition of particles shown in Fig. 1 affects the bulk
densities.

The electrical conductivity (c) at room temperature of

p (g/em’)

carbon electrodes sintered at 800, 1000 and 1200°C are
shown in Fig. 3. The electrical conductivity increased
with an increase in sintering temperature. A maximum
in the electrical conductivity of 1.11x 10*> S/cm was
reached in the carbon electrodes sintered at 1200°C. It
seems that the condition of particles shown in Fig. 1
affects the electrical conductivity.

1.6

1.4

1.2

‘/A

1.0 &
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Sintering Temperature (°C)

Fig. 2. The bulk densities (p) of carbon electrodes
sintered at 800, 1000 and 1200°C.
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Fig. 3. The electrical conductivity (o) at room
temperature of carbon electrodes sintered at 800, 1000
and 1200°C.

Fig. 4 shows the current-voltage performance of the
fuel cell with carbon electrodes sintered at 800, 1000
and 1200°C. All fuel cells showed an open voltage of
0.8 V. The output voltage decreased with an increase in
the current density [1, 7]. The voltage slowly decreased
with the increase of current density in the fuel cell with
carbon electrodes sintered at low temperature. The best
performance was obtained at the fuel cell with carbon
electrodes sintered at 800°C.

Fig. 5 shows the dependence of the current density on
the power density generated by the fuel cells with
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carbon electrodes sintered at 800, 1000 and 1200°C. The
large power density was obtained in the fuel cell with
carbon electrodes sintered at low temperature. A
maximum power density of 0.0079 W/cm?® was obtained
in the fuel cell with carbon electrode sintered at 800°C.
It is considered that the condition of particles and the
difference of gases diffusion affect the current-voltage
performance.

As a matter of fact the general fuel cell performance
measures two orders of magnitude higher than a present
result on fuel cell with carbon electrode from carbonized
wood. However, it is to be expected that the addition of
catalyst can improve the performance of the fuel cell.

1
0.8 ‘
SR e < SN
0.6 *
& ' B *
s A L4
<5 04 = r
> A u
0.2 A .
0 A | . | ‘

0 0.005 001 0015 0.02 0.025
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Fig. 4. The current-voltage performance of the fuel cell
with carbon electrodes sintered at 800°C (4), 1000°C
(M) and 1200°C(A).
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Fig. 5. The dependence of the current density on the
power density generated by the fuel cells with carbon
electrodes sintered at 800°C (4), 1000°C (M) and
1200°C(A).

4. Conclusion

We studied the characteristics of the carbon electrode
from carbonized wood and its influence on the
performance of PEFC. The carbon electrodes were made
by pulse current sintering 32-45 pm wood charcoal
powder at 800, 1000 and 1200°C under vacuum. The
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micro-structural change of carbon electrodes were
revealed by SEM as a function of the sintering
temperature. The electric conductivity of carbon
electrodes increased slightly with the sintering
temperature. The current-voltage measurement provided
an overall quantitative evaluation of the fuel cell power
density. A maximum power density of 0.0079 W/cm?
was obtained in the carbon electrode sintered at 800°C.
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Soy hull is an agricultural by-product, and has been almost always recycled as an animal fodder
for many years. Therefore, a new effective function has been studied for an industrial material.
For example, the authors have investigated the soy-hull carbon (SHC) particles as a functional filler for
rubbers and plastics. The SHC particle is manufactured by carbonizing the dehydrated soy hull in
nitrogen gas atmosphere at high temperature. The SHC particle, consequently the porous carbon particle
in which the natural porous structure retains. In this study, the characteristic of the electromagnetic
shielding was investigated for the SHC/EPDM composite, which was prepared by kneading the
SHC particle with the ethylene propylene diene methylene (EPDM) rubber. The degree of the
electromagnetic shielding (SE) of this composite with SHC particle of 400 mass% was found to
show a relatively-high value in the frequency region from 50 (SE:40dB) to 150 (SE:30dB). The
degree of the absorption (RD) for electromagnetic wave was furthermore, depended on the
amount of the SHC particle content, and was shown the high value (RD:-18dB) under the high
frequency of 6.5 GHz.

Key words: Soy Hull, Carbonization, Electromagnetic Shielding, Electromagnetic absorption, Conductivity

1. INTRODUCTION 2. EXPERIMENTAL PROCEDURE
Soy hull is an agricultural by-product which is 2.1 Soy hull
produced during the manufacturing process of the Fig.1(a) shows the cross section of the raw soy hull.
cooking oil. The most of the soy hull is recycled
as an animal fodder and so on. Therefore, the soy Tubular structure

Inner layer

hull has been attempted to use effectively as a
function added industrial material. For example,
the present authors have investigated the porous
carbon material that was made from the soy hull
[1]. The soy-hull carbon (SHC) particle is
manufactured by carbonizing the dehydrated soy hull
in nitrogen gas atmosphere at high temperature.

Some new porous carbon materials have been
developed utilizing the natural porous structures of some
plant matters, for example, the wood [2], the bamboo [3],
the rice blan [4], the rice hull [5], and so on. Especially,
the woodceramics [2] is a pioneer work to use the
natural plants for the industrial functional materials, as a
view point of the recycling. The production technology {41} Y e
of the woodceramics has been applied to the bamboo, “S@B SAkm BABOESD
rice bran, rice hull and so on. The porous carbon .
materials are expected as sliding materials and electric (a) Cross section
devices, because the materials retain many beneficial NG A T
properties of the carbon. The electromagnetic shielding
property was reported for the woodceramics [6],
bincho-charcoal [7] and so on.

In this study, the characteristics of the conductivity
and the electromagnetic shielding of the SHC particle
was investigated for the SHC rubber composite material, — - st oeee >
which was prepared by kneading the SHC particle with (b) Inner layer (c) Outer layer
ethylene propylene diene methylene linkage (EPDM) F]gl Macrostructure of raw soy hull

Outer layer
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R

Soy hull

SHC particle
(60pm median diameter)

Carbonization (900 °C, 3h, Ny) ‘
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EPDM Mixing

. =
= A

Molding and SHC/EPDM composite
vulcanization

Fig.2 Manufacturing process of SHC particle and SHC rubber composite material

The outer and inner surface layers are connected with
a tubular structure (about 30pum thickness). The
tubular structure is a unique porous structure, and is
different from the other porous structures of the
natural plants. Fig.1(b) shows the macrostructure of
the inner surface layer of the soy hull, which has a
hydrophilic areolas structure. Fig.1(c) shows the
macrostructure of the outer surface layer. The outer
surface layer is hard with the hydrophobic property
for protecting the seed from external charge.

2.2 Manufacturing process

Fig.2 shows the manufacturing process of the SHC
particle and the rubber composite material. At first,
the soy hull is drying and then carbonizing in the
nitrogen gas atmosphere at 900 °C. The carbonized
soy hull was pulverized by a mill to obtain the SHC
particle. The SHC particle was sieved using 106 pm
meshed filter to obtain the powder with 60 pm
median diameter. In addition, the SHC powder of 2 pm
median diameter was obtained by milling the SHC
particle for 10 hrs by a vibrating mill. The EPDM
was used as the matrix of the rubber composite
material. The EPDM is widely used as the industrial
materials for its low cost and high weather resistance.

Fig.3(a) shows the components of the raw soy hull.
The soy hull contains about 2 mass% of inorganic
constituent, about 48 mass% of organic constituent
and the others are water and oil. Fig.3(b) shows the
components of the SHC particle. The percentage of
the inorganic constituent is about 2 mass%. The
content of the organic constituent is about 87 mass%
and the others are about 12 mass%. During the
carbonization process, many parts of the others were
evaporated.
The SHC/EPDM composite material was prepared by
mixing the SHC particle, the EPDM and some
additives in a roll kneading machine. The amount of
the SHC particle was increased every 100 mass%
from 100 mass% to 400 mass%. After kneading, the
material was vulcanized, and then molded at
170£5 °C in vacuum of -80 kPa. The width (w), depth
(d), and thickness (t) of the SHC/EPDM for
measuring the volume resistivity and electromagnetic
shielding degree were 150, 150, and 2.5mm
respectively. In present research, the values of w, d of
test piece with the values for t of 0.5, 1, 1.5, 2 and
Smm for measuring the electromagnetic absorption
degree were each value of 300 mm.

Organic C--+83%
H:---12%

Other N--- 5%
g -

Inorganic (K,Ca,Mg,P,etc)
(a) Raw soy hull

Inoreganic Organic C--+97%
(K.Ca,Mg,P,etc) _Other Heeo 1%

2% -870/ N+ 2%
(1]

(b) SHC particle

Fig.3 Components of raw soy hull
and SHC particle

2.3 Experimental procedure

Fig.4 shows the measuring sites for the volume
resistivity. The volume resistivity was measured
referring to the Japanese Industrial Standards of
JIS-K7194 with nine measuring sites.

Fig.5 shows the schematic illustration of the
electromagnetic shielding tests. The test was carried
out using the Advantest-method with a spectrum
analyzer. The surface of the test piece was arrayed
with vertical incident wave angle. This test
evaluated electric field using dipole antenna.
The degree of the electromagnetic shielding (SE)
was evaluated as the power loss between the
incident wave and the transmitted wave. The SE
was measured using the following formula (1).

i
SE =-10 log— (dB) @))
B
where Pt is the power of transmitted wave (W), Pi
is the power of incident wave (W). The measuring
frequency range was from 1 to 500 MHz.

Fig.6 shows the schematic illustration of
electromagnetic absorption test. The measurements
were carried out with the Arch-test method. An
incident wave reflects completely with the metal
plate. The degree of the electromagnetic absorption
(reflectivity) was evaluated as the power loss
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Fig.4 Measuring sites for volume resistivity

SHC/EPDM

Incident wave Transmitted wave

Fig.5 Schematic Illustration of electromagnetic
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Fig.6 Schematic illustration of electromagnetic
absorption tests

between the incident wave and the reflected wave.
The reflectivity was measured using the following
formula (2).

P
R =10 log— (dB) ()

B
where R is the reflectivity, Pr is the power of
reflected wave (W), Pi is the incident wave (W).

The measuring frequency range was from 2 to 8
GHz.

3. EXPERIMENTAL RESULTS AND DISCUSSION
3.1 Volume resistivity

Fig.7 shows the resistivity p of SHC/EPDM on
the measuring site such as shown in Fig.4. In this
figure, the open diamonds, closes, open squares,
open triangles, and open circles are the measured

Fig.7 Resistivity p of SHC/EPDM on the
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==& -- 0 (mass%)
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4 5 6_7 8 9
Measuring Site
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results of p for the amount of SHC particle with 0,

100, 200, 300, and 400 mass%, respectively. The

resistivity depends on the content of the SHC particle.

All the volume resistances are almost even at the nine
measuring sites. The SHC particle was considered to
be uniformly dispersed.
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Fig.8 Effect of SHC particle diameter on
value of p of the SHC/EPDM

Fig.8 shows the effect of the SHC particle diameter
on the value of p of the SHC/EPDM. In this figure,
open triangles, open squares, open circles, and solid
diamonds are the results of o for SHC particle sizes
of 20, 10, and 60 pum, respectively. It is found that the
resistivity gradually decreases with increasing the
content of the SHC particles. The percolation
phenomenon, in which the wvalue of o
suddenly decreases with increasing the particle
content. The percolation phenomenon is an
unfavorable property for the manufacturing of the
conductive composite materials. The ordinary
fillers, such as Carbonblack (GPF-HS) induce the
percolation phenomenon. By contrast, percolation
phenomenon the SHC/EPDM does not occur as
shown in Fig.8.

Moreover, the resistivity (o) is higher in the test
piece with the small particles than that with the large
particles. It is hard to make a conductive path in the
composites with decreasing the particle diameter.
These result shows that the value of o can be
controlled by adjusting the additive rate and the
particle diameter.

3.2 Electromagnetic shielding

Fig.9 shows the electromagnetic shielding of the
SHC/EPDM under the low frequency conditions. In
this figure, the open circles, open diamonds, inverted
open triangles, open triangles, and open squares are the
measured results of SE for the amount of SHC particle
with 0, 100, 200, 300, and 400 mass%, respectively. The
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Fig.9 Electromagnetic shielding of SHC/EPDM
under low frequency conditions
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Fig.10 Electromagnetic absorption of SHC/EPDM
under high frequency conditions

degree of the SE is increase with increasing the content
of the SHC particle, and exceeds 30 dB under 50-100
MHz in the test piece with 400 mass%.

In addition, the shield effect is still high even
in the test piece with 200 mass%. The shielding effect
was considered to be contributed by the reflecting
effect on the test piece surface.

3.3 Electromagnetic absorption

Fig.10 shows the electromagnetic absorption of the
SHC/EPDM under the high frequency conditions.
In this figure, the light solid line, light dashed
doted line, dark solid line, light broken line, and
dark broken line are the measured results of
reflectivity for the amount of SHC particle with
100, 150, 200, 300, and 400 mass%, respectively.
The peak absorption values and the absorption
frequency are changed with amount of the filler
content. The degree of the -electromagnetic
absorption (RD) exceeds -18dB under 7.5-8GHz
in the test piece with 150 mass%. The peak of the
RD shifts to the low frequency area with increase of
the additive rate, and the attenuation decreases.

As mentioned above, the large amount of SHC
particle is able to mix with EPDM rubber. The
manufacturing cost is another important factor for
the industrial application. The soy hull is an
agricultural by-product and the cost is lower than

the ordinary fillers. The soy hull is able to use as a
natural-origin material to the industrial filler.

4. CONCLUSION

The electromagnetic shielding were investigated
for the rubber composite materials with the SHC
particle. The summary of the obtained results was
described as follows.

(1) The resistivity of the SHC/EPDM is
controllable by adjusting the particle size
and additive rate.

(2) The degree of the electromagnetic shielding
(SE) exceeds 30dB under 50-150 MHz in the
test piece with 400 mass%.

(3) The degree of the electromagnetic
absorption (RD) exceeds -18 dB wunder
7.5-8 GHz in the test piece with 150
mass%.

(4) The soy hull is able to use as a natural
-origin material to the industrial filler.
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Compressed wood is the material densified by the heat-treated condition with high temperature. The
mechanical compression property was examined by using the Japanese cedar (Cryptomeria japonica
D.Don) compressed into different density, and the change of elastic-plastic behavior on the compressive
deformation was investigated. The results are summarized that the plastic region before reaching to the
maximum stress of the stress-strain curves in the compression test decreased with the larger compression
ratio. The other compression property was also obtained from the surface hardness test, and the index of the
elastic-plastic behavior changed from plasticity to elasticity in condition of larger compression ratio. From
these results, it was suggested that the plastic behavior with yielding in the mechanical property of the
compressed wood was affected by densification of wooden porous tissue, and that the compressed wood

could obtain the higher strength and hardness.

Key words: Compressed wood, Stress, Strain, Elastic-plastic behavior, Compression property

1. INTRODUCTION

Compressed wood is the material densified by the
heat-treated condition with high temperature, and the
material property shows the higher strength and
hardness than that of non densified softwood. The
research of the compressed wood has been watched with
interest because the use of softwood such as Japanese
cedar might be promoted in the domestic forest product.
Therefore the manufactured methodology of compressed
wood has been developed and the research of the
cellular compressive mechanics has been done since
1990’s in Japan [1-2]. Recently the compressed wood
has been used in various applications such as the
flooring, interior and construction materials [2]. The
other useful application has also been proposed that the
hardened charcoal of the compressed wood might be
manufactured from softwood [3].

In above useful application of the compressed wood,
the information of mechanical property such as the
strength and hardness should be important. Therefore the
research on the mechanical property of compressed
wood has been reported [4-5], however the detail
research has been reported a few on the densified effect
of cellular structure. If the effect of cellular structure on
the mechanical property of wood itself could also be
clarified, it might be possible that the examination on the
densified effect of compressed wood become an
important cue.

From above reason, the compressive behavior of the
compression test and surface hardness test was
examined by using the Japanese cedar compressed into
different density. The densified effect of the compressed
wood was also investigated in change of the
elastic-plastic behavior.

2. MATERIAL AND METHOD

2.1. Material
The heartwood of Japanese cedar (Cryptomeria
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japonica D.Don) was used for the experimental
sample material. The average density of the sample
material was 0.35 g/cm’, and the moisture content was
11.0 %. After the sample material was pre-heated
between the upper and lower press board, it was
compressed in the radial direction at the pressed speed
with 0.16 mm/s.

Table 1 shows the property of compressed wood used
for the experiment. The heat-treated temperature during
the compression was 180°C and the heat-treatment after
the compression was continued for five hours to fix the
compressed dimension. The compression ratio CR was
calculated from change of the dimensional length when
the sample was compressed to the radial direction, and
the CR was set in condition of 30, 50 and 70%. The
density of the compressed wood as shown in Table 1
was ranged from 0.41 to 0.92 g/cm® and the moisture
content was from 5.7 to 6.4 %. The control material of
uncompressed and non heat-treated wood was also used
in comparison with the compressed wood.

2.2. Compression test

The compression test in parallel to the fiber grain was
conducted by using sample material as listed in Table 1.
The test specimens were prepared in the cross section
with 15 mm X 15 mm to tangential and radial direction
and in the height with 30mm to longitudinal direction.
The compression test was conducted in environment of
the room temperature with 20°C and relative humidity
with 60%. The test specimen was compressed at the
cross-head speed with 1 mm/min in the testing machine.
The compression test was measured for ten times in each
testing condition. After the compression test, the stress
and strain were calculated from the compression load
and the movement of cross-head, respectively.

2.3. Bending test
In order to compare the compressive deformation of
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Table 1 Properties of sample specimen used for the experiment

Sample Heat-treated Compression Density Moisture content
specimen Temperature: T [C] ratio CR [%] [g/cm3] [%]
30 0.41 5.8
Comgézssed 180 50 0.60 6.4
" 70 0.92 5.7
Control — 0 0.35 11.0

the compression test and the bending test, the four-point
bending test was investigated. The bending test specimen
was prepared in the square section of 15 mm with the
length of 240 mm to longitudinal direction. The bending
test was measured for ten times in each testing condition.
In the bending test, the strain gauge was stuck on the
center part where the compression and tension force acts
to the surface of test specimen. The amount of strain was
measured by the strain gauge on both surfaces. From the
strain data, the information of compressive deformation
was investigated as following.

The stress o . where the compression force acts can
be estimated as shown in the equation (1) of bending
moment M by theory of Nadai [6].

o.=——— 0
bhc,0—— (MGZ)
do

Here o ¢ is the stress where the tension force acts, and
the width (b) and the height (%) are the parameters of
cross section, respectively. Considering the tensile stress
o t as shown in equation (1), the plastic region of the
stress-strain behavior is known to be well little in the
tension behavior of wood [7]. Therefore the value of o ¢
can be estimated as shown in the equation (2) when
assumed that Hooke's law can be applied.

o, = E¢, (2)

E is the young’s modulus, and ¢ ¢ is the strain where
the tension force acts. When it is assumed that the natural
axis is in the center part of cross section, the bending
moment M is represented as shown in the equation (3).

2
Ebh’e, 3)
6

When the strain generated in the neutral axis is defined

as GH as shown in Fig.1, it can be expected that the

M =

Neutral axis

Fig.1 Stress of the compression and tension in
bending.

range of Grr is very small. Thus, When GH s
considered as A, € can be expressed as shown in the
equation (4).
0 2¢, @
h
From above equations of (2)- (4), the compression
stress o ¢ was estimated by the bending test.

2.3. Hardness test

In order to examine the surface hardness of the
compressed wood, the Brinell hardness test was
conducted on the practical utilized surface of tangential
section. In the Brinell hardness test, the steel ball with the
diameter of 10mm was intended in depth of 1/x (0.32mm).
From the intended force P (N), the Brinell hardness HB
was calculated as shown in equation (5).

P
HB T %)

The steel ball in the hardness test was intended
between the intervals with 10mm on the sample specimen,
and the average value of B was obtained from the data
of nine points.

The hardness test in different tip shape of the ball
indenter was also investigated, and the Vickers hardness
test such as adapted in metal was conducted in this
experiment. In the Vickers hardness test, the quadratic
pyramid in faced sections with o = 136° was
intended. The length of double diagonal lines was
measured on the experimented material surface.
The value of Vickers hardness HV was calculated from
the average length d as shown in equation (6).

HY - 2P sm(za /2) ©)

2.4. Evaluation of elastic-plastic behavior

In order to investigate the elastic-plastic behavior in
the hardness property, the average pressure P, in contact
between the steel ball and the hardness test specimen was
calculated from the equation (7), which was proposed by
Hertz [8].

P
Pm= @)
pPer 1 1%
1.17( 5 (51 +E2))

E , and E, are the elastic modulus of the hardness test
specimen and steel ball, respectively. The elastic modulus
of the test specimen was obtained from the result of
compression test, and that of the steel ball was used from
the steel material (210GPa).

From the average pressure of P,, the index c was
obtained in relationship with the yield stress o, as shown
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in equation (8) due to evaluation of the elastic-plastic
behavior. The value of o, was estimated from the
maximum stress of compression stress-strain curves in
parallel to the fiber grain.

Pm=c-o, ®)

3. RESULTS AND DISCUSSION

3.1 Elastic-plastic behavior in compression test

Fig.2 shows the relationship between the stress ¢ and
strain € when the compression test was conducted in
parallel to the fiber grain of the compressed wood and the
control material. In the 6-g curves of the test specimen on
different compression ratio, the stress of control material
increases nonlinearity after increasing linearly, and
decreases gradually after reached to the maximum. In
contrast with the control material, the region of
nonlinearity in the compressed wood tends to be less than
that region of the control material until reached to the
maximum, and the stress is rapidly lower. From this
result, it might be possible that the plastic behavior in 6-¢
curves changes in boundary of before and after the
maximum by effect of densification. Therefore the ratio
of plastic strain was estimated from the c-¢ curves.

Fig.3 shows the relationship between the ratio of
plastic strain (g,/ (¢,1 ¢, )) and the compression ratio CR.
The result of bending test as shown in Fig.3 means the
value which obtained from the primary bending theory of
the equation (1)-(4). In ratio of plastic strain as shown in
Fig.3, the ratio estimated by the compression test is larger
than that of the bending test as the compression ratio CR
is lower. However, the ratio decreases with increasing the
compression ratio, and the value tends to be close to that
of the bending test. The result indicates that, by the effect
of densification, the ratio of plastic region decreases in
the stress-strain curves of the compressed wood.

From above result, it is found that the densified effect
decreased the plastic region in the stress-strain.

140
T=180°C
1201 ]

« 100 CR=70%

801 ]

CR=50%
60 ]

CR=30%
40t ]

o (MP

Stress

20r 8
Control

% 1 2 3 a4 s

Strain € (%)

Fig.2 Relationship between the stress o and the strain ¢ of
the compressed wood in heated with 7=180C.
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Fig.3 Relationship between the ratio of plastic strain(e,/
(e,t¢.)) and the compression ratio CR before reached
to the maximum stress.

3.2 Elastic-plastic behavior in hardness property

Fig.4 shows the relationship between the Brinell
hardness HB and the compression ratio CR in the
tangential section of the compressed wood and the
control material. The value HB shown in Fig.4 increases
exponentially with increasing the compression ratio CR.
The result indicates that the compressed wood become
extremely harder in the compression ratio, more than CR
= 50 %, and the hardness value is about three times
harder than that of control material.

Fig.5 shows the relationship between the index ¢ and
the compression ratio CR when the index ¢ was obtained
from the average pressure P, due to evaluation of the
elastic-plastic behavior. In comparison of the index c
shown in Fig.5, the index of quadratic pyramid also

50 | T T T T T T T
40+ 1
T /
@ 301 { R
)
C
°
8 200 -
= Control
8 ¢
@ 10 4 — ]
D—/

=0 20 40 60 80

Compression ratio CR (%)

Fig.4 Relationship between the Brinell hardness HB and
the compression ratio CR.
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Fig.5 Relationship between the value of ¢ (P,/o,) and
the compression ratio CR.

shows the result obtained from the Vicker’s hardness test.
The both hardness tests show the result of the indenter
depth with 2 = 0.08 mm. As shown in Fig.5, the index ¢
of the ball and quadratic pyramid indenters decreases
with CR, and the value reaches to approximately ¢ = 1.3
in condition of CR = 70%.

Here the previous research has been reported that the
index with 0 <¢<1.3 means in range of the elastic region,
the range of 1.3 =¢< 3 in the growth region of plasticity,
and the range of ¢ >3 in the plastic region in contact with
much harder material rather than wood [8]. From the
previous report, the result can be thought that the
hardness property on the practical utilized surface of
tangential section changes to elasticity by the densified
effect.

4. CONCLUSION

The compressive behavior of the compression test and
surface hardness test were examined by using the
Japanese cedar compressed on the different density. The
effect obtained by densified wood was shown as follows.

(1)The information of the stress-strain curves in the
compression test provided that the strength of the
compressed wood increased with the larger
compression ratio, however the ratio of plastic region
decreased.

(2)The hardness value of the compressed wood was
larger with larger compression ratio, and the property
showed elasticity when the elastic-plastic behavior on
the material surface was evaluated from the hardness
tests of the ball and quadratic pyramid indenters.

(3)From above results of the compression and hardness
tests, it was suggested that the disappearance of the
cellular structure with porous tissue affect to the
elastic-plastic behavior with yielding.
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Hydrogen Desorption Properties of Woodceramics
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Hydrogen desorption properties of woodceramics, made from radiata pine wood fiberboards
carbonized at 923 K and 1473 K, hydrogenated at a temperature of 303 K at an initial hydrogen
pressure of 4 MPa, were investigated by means of thermal desorption spectroscopy. Hydrogen
desorption initiated at temperatures of more than 750 K, and the accelerated hydrogen desorption
occurred at about 1200 K for woodceramics carbonized at 923 K, but almost no hydrogen
desorption was observed for those carbonized at 1473 K. Deposition of magnesium (Mg)
enhanced the hydrogen absorption and desorption for woodceramics carbonized at 923 K. The
activation energy of hydrogen desorption for woodceramics carbonized at 923 K with and without
optimal amount of Mg was about 176 and 130 kJ/mol, respectively. No hydride (MgH,) formation
was observed for the woodceramics deposited with Mg after hydrogenation.
Keywords: Woodceramics, hydrogen desorption, carbonization, magnesium, catalysis

1. INTRODUCTION

Woodceramics [1] have been developed as new kinds
of porous carbonaceous materials that can be made from
biomass like wood wastes. They possess quite good
properties for electrical resistance, electromagnetic
shielding and infrared radiation, and are being expected
to be used in a wide range of industrial fields, such as
wear-resistant materials, heat insulator and infrared
radiators, etc [2, 3].

There are still some arguments whether carbonaceous
materials, such as carbon nanotubes, absorb hydrogen or
not because literature data on the storage capacities of
hydrogen in carbonaceous materials, like  carbon
nanostructures, show a scatter over several orders of
magnitude which cannot be solely explained by the
limited quantity or purity of these materials [4]. In our
previous study, aiming to expand the industrial
applications of woodceramics, we have reported that
woodceramics carbonized at 923 K absorbed about 0.64
wt.% hydrogen at a temperature of 303 K and at an
initial hydrogen pressure of 3 MPa, whereas those
carbonized at 1473 K absorbed almost no hydrogen,
suggesting that carbonizing temperature was important
for hydrogen capacity [5]. In this study, as a
continuation from the previous study, hydrogen
desorption performances of the woodceramics, which
were made by carbonizing radiata pine wood fiberboards
at temperatures of 923 K and 1473 K, were investigated
mainly by means of thermal desorption spectroscopy
(TDS), and the effect of carbonizing temperature on the
hydrogen desorption performances was investigated.

2. EXPERIMENTAL PROCEDURE

The starting woody material used in this study was
medium-density radiata pine fiberboards. These
materials were impregnated with phenolic resin, and
then were carbonized at 923 K and 1473 K. The final
products are porous carbonaceous materials called
“woodceramics”.

The boards were cut into small samples, and hydrogen

absorption experiment for the samples was carried out in
a high-pressure vessel, which was made of stainless steel.
The vessel containing the sample was evacuated by a
rotary pump and then back-filled with pure (99.99999%)
hydrogen gas several times, and the final hydrogen
pressure was kept to 3 MPa. The vessel was heated by
an electric heater surrounding the vessel and was kept to
a temperature of 303 K.  After hydrogenation,
hydrogen desorption properties were analyzed by means
of thermal desorption spectroscopy (TDS) equipped with
a quadrupole mass analyzer, ULVAC-QMS 200. After
mounting the sample in a sample holder, the holder was
evacuated by a turbo-molecular pump to a vacuum level
of 10° Pa, and then hydrogen ion (H,") current, which
corresponds to hydrogen evolution rate, was monitored
by the quadrupole mass analyzer during heating the
sample by an infrared gold image furnace at a constant
heating rate. Magnesium (Mg) was also deposited in a
vacuum to catalyze the surface of the woodceramics.
The microstructural change of the woodceramics before
and after deposition was investigated by X-ray
diffraction (XRD) measurement, which was performed
by a JEOL JDX-11PA, using Cu-Ka radiation at 30 kV
and 20 mA.

3. RESULTS AND DISCUSSION

Fig.1 (a) and (b) show the TDS spectra for
woodceramics carbonized at 923 K and 1473 K,
respectively, before and after hydrogenation measured
at heating rate of 20 K/min. = The TDS spectrum
without sample (blank run) measured at a heating rate
of 20 K/min, which determine back grounds of the
experiments, are also included in Fig. 1. No
prominent TDS peaks were found for blank run and for
woodceramics carbonized at both temperatures before
hydrogenation. However, for woodceramics
carbonized at a low temperature (Fig. 1(a)) after
hydrogenation, a weak and a strong TDS peaks are
observed at about 900 K and 1200 K, respectively,
whereas no prominent peaks for the woodceramics
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Fig. 1 Thermal desorption spectra of hydrogen for woodceramics carbonized at (a) 923 K and (b)
1473 K, respectively, before and after hydrogenation (heating rate: 20 K/min) .  The spectrum
measured without sample (blank run) are also included.
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Fig.2 Thermal desorption spectra for the
hydrogenated woodceramics carbonized at 923 K
before and after deposition of some amounts of Mg.
The Mg concentrations are the deposited Mg amount
in wt.% derived from change in the total mass before
and after Mg deposition. The TDS spectra before
hydrogenation and for blank run are also included.

carbonized at 1473 K. These indicate that
woodceramics carbonized at lower temperatures
occlude some amount of hydrogen, which agrees well
with our previous hydrogen absorption experiment [5].
Two TDS peaks (at about 700 K and 1000 K (heating
rate was not reported although the peaks depend on it))
were also reported for a nanostructured graphite
mechanically milled for 80 h under hydrogen pressures
[6], in which the low temperature peak (700 K) was
assigned to the desorption of hydrogen atoms trapped at
some defects between the graphite planes and the high
temperature peak (1000 K) to that of those trapped at
the edges of graphene sheets. The mechanical milling,
which is a kind of dynamic processing in powder

! ! ! ! ! !
10 20 30 40 50 60 70 80
20 (deg.)

Fig. 3 X-ray diffraction patterns for the Mg-deposited
woodceramics carbonized at 923 K before and after
hydrogenation. The pattern for as-received
woodceramics is also included.

technology, generally results in the formation of
dangling carbon bonds in graphite [7], and the relative
ratio of CHx covalent bonds is reported to increase if
the milling is performed under hydrogen atmosphere
[8]. Although the woodceramics used in this study
were not processed (by mechanical milling), those
carbonized at lower temperatures are thought to possess
comparative number of dangling bonds at the edge of
graphene sheets.

To modify the hydrogen absorption property for the
woodceramics carbonized at 923 K, Mg was deposited
to the woodceramics in vacuum, because Mg has
relatively good chemical affinity with hydrogen. Fig. 2
shows TDS spectra (measured at a heating rate of 20
K/min) for the hydrogenated woodceramics carbonized
at 923 K after deposition of some amounts of Mg. The
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Fig.4 Kissinger plot for the hydrogenated
woodceramics carbonized at 923 K before and after
depositions of some amounts of Mg.

Mg concentrations shown in Fig. 2 are the deposited Mg
amount in wt.% derived from change in the total mass
before and after Mg deposition. The TDS spectra for
the woodceramics without Mg deposition and for blank
run are also included in Fig. 2. When one compares
with the TDS spectra without Mg deposition, the peak at
about 1200 K becomes more prominent with increasing
the amount of deposited Mg, indicating that much
hydrogen was occluded after Mg deposition. However,
no improvement of hydrogen absorption was found for
the woodceramics carbonized at 1473 K after Mg
deposition. Fig. 3 shows XRD patterns for the
Mg-deposited woodceramics carbonized at 923 K before
and after hydrogenation.  The XRD pattern for
as-received woodceramics is also included in Fig. 3.
Diffrerent from the graphite, one can observe only two
broad XRD peaks for as-received woodceramics,
indicating that the structure of the woodceramics is a
turbostratic one (long range ordering of the graphite
structure almost disappears but rough alignment of
graphite interlayer (graphene sheets) still remains).
The weak XRD peaks can be found after Mg deposition
even after hydrogenation, suggesting that Mg dose not
transform into hydride (MgH,) at the present
experimental temperature (303 K), acting as a catalyst
for hydrogen absorption. The strong XRD peak
observed at about 20=42° after hydrogenation is due to
the diffraction from the (100) crystal plane of the
graphite structure.

The activation energy for hydrogen desorption can be
estimated from the shift in the peak temperature for TDS
measurements made at different heating rates [9], using,

In % :—(£)+A, (1
T RT

where Q is the heating rate (K/min), T the peak
temperature (K), R the molar gas constant (J/mol K) and
E the activation energy for hydrogen desorption (J/mol).
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Fig. 4 shows Kissinger plot of equation (1) for the
woodceramics carbonized at 923 K before and after
depositions of some amounts of Mg.  Table 1
summarizes the activation energies obtained from the
slope of the Kissinger plot shown in Fig.4. The
activation energy for hydrogen desorption for the
woodceramics carbonized at 923 K without Mg
deposition is 177 kJ/mol. Although the deposition of
small amount of Mg decreases the activation energy,
comparatively large amount deposition of Mg increases
the energy. In this experiment, deposition of 0.1 wt.%
Mg gives the lowest activation energy for hydrogen
desorption.

Table 1 Activation energies for the woodceramics
carbonized at 923 K before and after deposition of some
amounts of Mg.

Sample condition Activation energy (kJ/mol)

No deposition 177
0.1 wt.% Mg deposition 130
0.5 wt.% Mg deposition 208
1.5 wt.% Mg deposition 235

4. CONCLUSIONS

Hydrogen desorption properties for woodceramics
carbonized at temperatures of 923 K and 1473 K were
investigated by means of thermal desorption
spectroscopy equipped with a quadrupole mass analyzer.
The results obtained were summarized as follows.

1. Hydrogen desorption initiated at temperatures of
more than 750 K, and the accelerated hydrogen
desorption occurred at about 1200 K for
woodceramics carbonized at 923 K, but almost no
hydrogen desorption was observed for those
carbonized at 1473 K.

2. Mg deposition improved the hydrogen absorption
capacities only for woodceramics carbonized at 923
K. The activation energy of hydrogen desorption
for the woodceramics carbonized at 923 K was
about 177 kJ/mol before Mg deposition, but it was
lowered if an optimal amount of Mg was deposited
on the woodceramics.

3. No hydride (MgH;) formation was observed for the
woodceramics after Mg deposition, indicating that
Mg is just acting as a catalyst for hydrogen
absorption.
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Functionality control of lignophenol by demethylation of methoxyl group

-Successive structural conversion of syringyl type lignophenol-
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Although lignin is the most abundant natural phenolic polymer, its phenol activity is
extremely low. Because most phenolic hydroxyl groups of lignin precursors were etherified
in the biosynthetic process. In the present work, successive cleavage of ether linkages of

lignin was carried out

Lignophenols synthesized from native lignins through the phase-separation process were
depolymerized under the mild alkaline condition. The guaiacyl and syringyl aryl coumaran
dimmers were isolated from the hardwood lignocresol treated with 1.0 N NaOH in 21% and
7.4%, respectively. Demethylation of methoxyl group in the syringyl aryl coumaran
dimmer was carried out using boron tribromide. The pyrogallol type and 3-methoxy
catechol type aryl coumaran were detected with LC/MS analysis. The pattern of
demethylation of methoxyl group in the syringyl aryl coumaran dimmer was controlled by

lewis acid treatment condition.

Key words: lignin, lignophenol, phase-separation system, methoxyl group, demethylation

1. INTRODUCTION

Recently the utilization of plant biomaterials for
petroleum substitute has already been partially
commercialized. For example, polylactic acid as a
biodegradable plastic from corn or sugarcane
molasses and biodiesel oil from soybean oil or
palm oil have already been produce in large
Thus the aliphatic compounds as
petroleum substitute will be able to get from plant

volume.

materials, if increased production efficiency is
proceeded by research and development.

On the other hands, the aromatic compounds as
petroleum substitute from plant biomaterials are
hardly produced.

Lignin is the most abundant natural aromatic
polymer and exists in plant cell walls as one of the
major constituents. It serves as cement between
wood fibers, a stiffening agent within fibers, and a
barrier to the enzymatic degradation of the cell
wall.

However, in contrast to the importance and
potential of lignin in nature, lignin-based products
have scarcely been life, because
complicated structure and although lignin is the

in human
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most abundant natural phenolic polymer, its
phenol activity is extremely low. Native lignin
have only 0.1 to 0.2 mol/Cy of phenolic hydroxyl
groups.'? Because most phenolic hydroxyl groups
of lignin precursors are etherified in the three
steps biosynthetic process.’**

The first step is formation of methoxyl group.
Lignin monomer is formed from phenylalanine or
tyrosine via cinnamate pathway. In this pathway
although p-coumaric acid is hydroxylated by
P-450 type hydroxylase, the hydroxylated
compounds (caffeic acid and 5-hydroxyferulic
acid) is immediately methylated by O-methyl
taransferase. As a result one or two lignin-specific
methoxyl groups are formed and phenolic
hydroxyl groups are etherified.

The second step is polymerization of lignin
precursors (coniferyl alcohol, sinapyl alcohol and
p-coumaryl alcohol) via aryl ether linkage by
radical coupling from enzymatic dehydrogenation.

The third step is formation benzyl aryl ether.
Because a part of oligomeric products formed
through radical coupling has quinonemethid
structure, benzyl aryl ether linkage is formed by
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addition of adjacent phenolic hydroxyl groups or
carbohydrates.

Therefore many of phenolic hydroxyl groups are
blocked by ether linkage. In other words, lignin
has many latent phenolic hydroxyl groups.

In this study, we carried out successive cleavage
of these ether linkages of lignin through the
reverse  pathway  of biosynthetic
mechanism.

The first step is cleavage of benzyl aryl ether
through the phase-separation system. In the
process composed of phenols and concentrated
acid, lignin was modified by phenol
derivatives to selectively grafted benzyl position,
the most reactive sites, to give 1,1-Bis(aryl)
propane type lignin-based recyclable polymer
(lignophenol).”®

The second step is cleavage of CP aryl ether

lignin

native

linkages by switching functions of lignophenol
under the mild alkaline condition.®

The third step is demethylation of the aromatic
methoxyl groups. ’

In this paper, we controlled the pattern of
demethylation of methoxyl group in the syringyl
aryl coumaran dimmer which had two methoxyl
groups by lewis acid treatment condition.

2. EXPERIMENTAL

2.1 Preparation of lignocresol
phase-separation system

For solvation of lignin with phenol derivatives, 3
mol/C9 (phenyl propane unit of lignin) of p-cresol
dissolved in acetone was added to defatted birch
wood meal and acetone was evaporated with
stirring. Sulfuric acid (72%, 10 ml/g wood) was
added to the mixture and the vigorous stirring was
continued at 30°C for 60 min. The reaction
mixture was rapidly poured to excess distilled
water. The insoluble fraction was collected by
centrifugation, washed with distilled water until
neutral and lyophilized. The dried insoluble
fraction was extracted with acetone. The acetone

through the

solution was then concentrated under reduced
pressure and added dropwise to an excess amount
of diethyl ether with stirring. The precipitated
lignin derivative (lignocresol) was collected by
centrifugation. Yields of lignocresol from birch
were 22.2% of wood.

2.2 Separation of low molecular weight fraction
from birch lignocresol 2nd derivatives.

The dissolved lignocresol in 1.0 N NaOH solution
was heating at 170°C for 1.0 hr. After cooling, reaction
mixture was acidified by the 1.0 N HCI. The precipitant
was washed by de-ionized water and then dried. The
molecular weight distribution of 2nd derivatives from

this lignocresol analyzed with size exclusion
chromatography (SEC).

(SEC condition)

Column; Shodex GPC KF-801,802,803,804,
Eluent; THF, Flow rate; 1.0 ml/min, Temp.; 40°C,
Detect; 280nm, Standard: polystyrene standard

Second  derivatives of  lignocresol  was
fractionated by preparative SEC on Shimadzu
LC-8A recycle preparative system equipped with
Shimadzu SPD-10AUV/VIS detector. Shodex
GPC KF-5002.5 (50 mm ID x 300 mm) was
connected and THF was used as an eluent (flow
rate; 10 ml/min).

2.4 Demethylation of methoxyl group of 2nd
derivatives low molecular weight fraction from
birch lignocresol.

Two ml of 1M boron tribromide dichloromethane
solution was slowly added to a solution of 67mg of the
low molecular weight fraction of 2nd derivatives
in dichloromethane. In this reaction, demethylation was
controlled by reaction temperature and time.

1) The reaction mixture was stirred at -78°C for lhr
under nitrogen gas and gradually warmed up to room
temperature and stirred for 60 min.

2) The reaction mixture was stirred at -78°C for lhr
under nitrogen gas and gradually warmed up to room
temperature for 1hr and stopped.

3) The reaction mixture was stirred at -78°C for lhr
under nitrogen gas and gradually warmed up to -40°C
and stopped.

4) The reaction mixture was stirred at -78°C for 3hr
under nitrogen gas.

After these reaction, water was added to quench the
reaction, and the mixture was extracted with ethyl
acetate. The ethyl acetate extract was dried with Na,SOy,,
and the solvent was evaporated. The reaction mixture
was analyzed by LC/MS.

<LC/MS condition>

MS mode: APCI negative, Column: Imtakt Cadenza
CD-C18, 3.0mm ID x 100mm, Eluent: 50% methanol,

0.3ml/min, Column temp: 40°C

________________________

Mw=6790
Mw=690

_____ Birch lignocresol original
—Birch Lignocresol 2nd derivatives

Fig. 1 SEC profiles of birch lignocresol and the
2nd derivatives

min
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Fig. 2

LC/MS analysis of birch lignocresol
2nd derivatives low molecular weight fraction

3. RESULTS AND DISCUSSION
3.1 Separation of low molecular weight fraction
from birch lignocresol 2nd derivatives..

In the phase-separation system, native lignin was
modified by selectively grafting p—cresol to
benzyl position to give lignocresol composed
mainly of 1,1-bis(aryl)propane-type units.

As shown Fig. 1, lignocresol from birch was
significantly depolymerizated under alkaline
treatment, indicated major peak at 37min (about
Mw=300). This peak was fractionated by
preparative SEC. As a results of LC/MS analysis,
two compounds (Mw=315 and 285) were detected
from birch lignocresol 2nd derivatives (Fig.2).
The structure of Mw=285 compound was
determined by 'H-NMR and '*C-NMR. This
compound was guaiacyl aryl coumaran. ° The
structure of Mw=315 compound was determined
as syringyl aryl coumaran (Fig.3).” It was
suggested that these aryl coumarans were formed
by neighboring group participation reaction: the
phenoxyide ion grafted phenols readily attacked
the electron deficient B position
nucleophilically, resulting in the cleavage of J
-aryl ether linkage.®

Fig. 3 The structure of syringyl aryl coumaran
from lignocresol 2nd derivatives.

3.2 Demethylation of methoxyl group of 2nd
derivatives low molecular weight fraction from
birch lignocresol.

Demethylation of methoxyl group in the syringyl
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aryl coumaran dimmer which had two methoxyl
groups was carried out using boron tribromide
(BBr3) under the four conditions.
1) at -78°C for 1hr and at room temperature for 60 min.
In LC/MS analysis, the ethyl acetate extractive of
reaction mixture contained peak having m/z=285
(Fig.4). This peak was presumed pyrogallol type aryl
coumaran which was demethylated two methoxyl groups
from syringyl aryl coumaran. The 3-methoxy catechol
type aryl coumaran which was demethylated one
methoxyl groups from syringyl aryl coumaran was not
detected.

Fig. 4 LC/MS analysis of birch lignocresol
2nd derivatives low molecular weight fraction
treated with BBr3 at -78°C for lhr and room
temnerature for Thr

2) at -78°C for lhr and gradually warmed up to room
temperature for 1hr and stopped.

In this condition, the ethyl acetate extractive of
reaction mixture contained peaks having m/z=285 and
m/z=300. The peak of m/z=300 was 3-methoxy
catechol type aryl coumaran (Fig.5).

[T TEEEE

"F: .'H.-. _t._ — -
A L

Fig. 5 LC/MS analysis of birch lignocresol
2nd derivatives low molecular weight fraction
treated with BBr3at -78°C for lhr and room
temnerature for Omin

3) at -78°C for 1hr and -40°C for 1hr.
In this condition, although two peaks having m/z=285
and m/z=300 were detected, the contents of these peaks
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were increased compared to condition 2). But substrate
(siringyl aryl coumaran) was more remaining than
condition 2) (Fig.6). Thus it was thought that secondary
modification of demethylated compounds araised in
condition 2).

Fig. 6 LC/MS analysis of birch lignocresol
2nd derivatives low molecular weight fraction
treated with BBr3 at -78°C for lhr and -40°C
for 1hr

4) at -78°C for 3hr

In this most mild condition, the ethyl acetate
extractive of reaction mixture contained peak having
m/z=300. The 3-methoxy pyrogallol type aryl
coumaran was not detected (Fig.7).
These results show that the
demethylation of methoxyl group in the syringyl
aryl coumaran dimmer are able to controll by

patterns of

lewis acid treatment condition.

mme

cemd | BT e T i i
d R R F

Fig. 7 LC/MS analysis of birch lignocresol
2nd derivatives low molecular weight fraction
treated with BBr3at -78°C for 3hr

4. CONCLUSION

It is important to utilize lignin for oil substitution
aromatic compounds because lignin is most abundant
native aromatic compounds. However its phenol
activity is extremely low. Because most phenolic

hydroxyl groups of lignin precursors were

etherified in the biosynthetic process. We carried
out successive cleavage of these ether linkages of
lignin and phenolic activation through the reverse
pathway of lignin biosynthetic mechanism.

The native lignin was converted highly phenolic
functional polymer (lignophenol) controlled molecular
weight through the phase-separation treatment. The
lignophenols was depolymerized to dimmer level with
alkaline treatment. And the methoxyl group of the
dimmer compound was demethylated with lewis acid
treatment (Fig.8). The patterns of demethylation of
methoxyl group in the syringyl aryl coumaran
dimmer are able to controll by lewis acid
treatment condition.

These successive cleavages of ether linkages of
lignin is similar to decomposition mechanism of
lignin in ecosystem. The decomposed lignin has
several functions. Therefore the decomposed
compounds from lignophenol also have high
potentiality of aromatic compounds.

Fig. 8 Demethylation of the methoxyl group of
syringyl aryl coumaran with BBr;

5. References

[1] Y.-Z. Lai and M. Funaoka, J. Wood chem.
Technol., 13, 43-54 (1993).

[2] Y.-Z. Lai and M. Funaoka, Holzforschung 47,
333-338 (1993).

[3] K. Freudenberg, Science, 148, 595-600 (1965).
[4] T. Higuchi, J. Biochem, 45, 515-528 (1958).
[5] M. Funaoka and 1. Abe, Tappi Jou rnal 72,
145-149(1989).

[6] M. Funaoka, M. Matsubara, N. Seki and S.
Fukatsu, Biotechnol. Bioeng., 46, 545-552 (1995).
[7] M. Funaoka and S. Fukatsu, Holzforschung 50,
245-252 (1996).

[8] M. Funaoka, Polymer Internati onal, 47,
277-290 (1998)

[9]1 K. Mikame, M. Funaoka, Trans. Materials Res.
Soc. Japan, 33, 1149-1152 (2008)

(Received December 12, 2008;Accepted September 16, 2009)



34[4] 683-686 (2009)

Transactions of the Materials Research Society of Japan

Influences of Lignophenol-Derivatives on Performances of Photo-Chemical Cells
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Hinoki Cypress (Chamaecyparis obtusa)-lignophenol (p-cresol type, HCLC), which is directly
and quantitatively synthesized from wood through the phase-separation system,
hydroxymethylated HCLC (HCLC-HM) and polymerized HCLC-HM by heat-set
(HCLC-HM-P) were used as materials for photo-sensitizers for nano-porous TiO, electrodes. In
order to investigate influences of structural features of lignophenol derivatives, HCLC,
HCLC-HM and HCLC-HM-P were reacted under alkaline conditions at 140 °C (neighbouring
group participation) and 170°C (arylmigration). After these derivatives were investigated by
ionization difference spectra using UV-Vis, FT-IR, "H-NMR and GPC, all derivatives were used
as photo-sensitizers. There were different tendencies of HCLC from both HCLC-HM and
HCLC-HM-P derivatives. As both HCLC-HM and HCLC-HM-P derivatives kept their
polymeric structures, not only arylcoumaran or stilbene but also quinoid type structures acted as
good photo absorbers. Based on these results, HCLC-HM-P-TiO, electrodes polymerized
directly demonstrated V,. = 0.48 V, I, = 4.00 mAcm™, FF = 0.61 and n =1.06 % under 100.0
mWem? of visible light irradiation. Especially I, was drastically improved. Moreover hardwood

lignophenol showed same tendency.

Key words: lignin, lignophenol, solar cell, sensitizer, phenolic resin

1. INTRODUCTION

Recently both global environmental crisis and

exhaustion of fossil carbon resources have been attracted.

For example, global warming phenomena by
green-house effect gases such as CO,, methane and
chrolofluorocarbons are paid a lot of attentions in the
world. In order to overcome these problems, supply of
both sustainable energy and carbon resources have to
replaces from fossil carbons to natural resources such as
solar energy and biomass.

Making a lot of efforts, wide variety of solar cell
technology has been developed. Recently dye-sensitized
solar cells (DSSCs) have been attracted after Gratzel
developed with nano-crystalline TiO, electrodes [1]. Up
to 11 % of efficiencies with Ruthenium sensitizers have
been reported [2]. Moreover natural pigments such as
anthocyanin, anthocyanidin, porphyline, tannin and
polyphenols [3-8] have also been paid a lot of attentions.
It is good combination between natural dyes and DSSCs,
however natural dyes extracted easily but only small
amounts. For example, anthocyanine was extracted only

) Hydoxymethylation
oy

Fig.1 Reaction scheme and characteristic structures of Hinoki
cypress-lignophenol (p-cresol type, HCLC) derivatives. P, Q
and R are HCLC, hydroxymethylated HCLC (HCLC-HM) and
polymerized HCLC-HM (HCLC-HM-P). P140, P170, Q140,
Q170, R140 and R170 show second derivative -I(140) and II
(170) of P, Q and R, respectively. Both 140 and 170 mean
treatment temperatures under 0.5 N NaOH.
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75 mg / 100 g materials [9-13]. In order to solve this
problem, lignophenol (LP) and its derivatives have been
applied for DSSCs [14-18], because LP was derived
directly from lignocellulosices quantitatively through the
phase-separation system [19-20]. For example, 220 g of
LP was obtained from 1000 g of Hinoki Cypress
(Chamaecyparis obtusa) [21]. The best photo-electricity
conversion performance of LP-cell with second
derivative-I1 of HCLC showed V,. = 0.51 V, I, = 10.23
mAcm?, FF =0.59 and 17 = 3.61 % under 85.0 mWcm™
of wvisible light irradiation [16]. Recently,
hydroxymethylated LP showed good results due to rich
hydroxyl groups and quinoid groups [18]. In this study,
investigations of both relationships between structural
features of LP derivatives and of performances on
photo-electricity conversion of the solar cells were
carried out. Moreover, new-type electrodes with direct
polymerization on TiO, films were tried for the cells.

2. EXPERIMENTAL
2.1 Synthesis of Lignophenols

Both Hinoki cypress (HC, Chamaecyparis obtusa)
and Birch (BI, Betula platyphylla) were used as
softwood and hardwood  materials for the
phase-separation system, respectively. The woody
materials were milled for 80 mesh passed. Extractives in
the materials were removed by benzene/ethanol (2/1,
v./v.) in a Soxleh reflux system for 96 hrs. LPs have
been synthesized following the phase-separation system
[19-20]. Two-step method (process II) of the
phase-separation system was also carried out for HC as
follows. The material (500 g) was mixed with p-cresol in
acetone. Amounts of p-cresol were 3 mol /
phenylpropane units (Cy units), which were subunits of
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native lignin. After evaporation of acetone, 72 % H,SO,
aq. solution was poured into the material adsorbed by
p-cresol at 30 °C in a reactor in system plant No.l
(established in Mie University, JST-CREST). Then the
mixture was stirred vigorously for 60 min. The mixture
was quickly poured into 20 L of de-ionized water with
vigorously stirring by a homogenizer for 5 min. Then the
purple precipitation was washed until pH = 5. After
drying the solid, LP was extracted by acetone. The LP
solutions were dropped into diethylether (EtOEt) under
vigorously stirring in chilled condition. After
evaporating and drying on P,0s, both Hinoki
cypress-lignophenol  (p-cresol type, HCLC) and
Birch-lignophenol (p-cresol type, BILC) were obtained.

2.2 Preparation of Derivatives

Hydroxymethylated @~ HCLC (HCLC-HM)  was
synthesized from 15 g of LP in 0.5 M NaOH solution by
mixing 20 mol of formaldehyde for an amount of
aromatic rings in LP at 60 °C under N, atomosphere
with a stirring system and a reflux condenser. After 3 hrs,
1.0 M HCI was dropped into the reaction mixture at 5 °C
to pH = 2.0. The resulting precipitation was washed to
pH = 5.0. The solid was dried on P,Os vacuum drying.
Polymerization of HM-LP (HCLC-HM-P) by heat-set
was carried out at 150 °C for 7 hrs under an aerobic
condition.

2.3 Functionality Controls

Both second derivatives I of HCLC (HCLC140),
HCLC-HM  (HCLC-HM140) and HCLC-HM-P
(HCLC-HM-P140) were derived wunder alkaline
condition at 140 °C in SUS autoclaves. Second
derivative-I. of HCLC (HCLC170), HCLC-HM
(HCLC-HM170) and HCLC-HM-P (HCLC-HM-P170)
were synthesized in the same ways under 170 °C. HCLC
samples were dissolved in 0.5 M NaOH. The solutions
were heated to 140 °C or 170 °C. After 60 min, the
reaction mixtures were neutralized by 1.0 M HCI to pH
= 2.0. The resulting precipitation was washed by chilled
de-ionized water. The insoluble residue was dried over
PZOS.

2.4 Characterization of LPs

The structure of LP was characterized by Gel
Permiation Chromatography (GPC), 'H-NMR, FT-IR
and Ionization Different Spectra (UV-Vis). GPC was
carried out by LC-10 with four columns (KF801, KF802,
KF803 and KF804, Shodex Co.), using rectified
tetrahydrofran (THF) as an effluent. Both M,, and M,
were determined based on standard polystylene.
"H-NMR spectrum was measured by NMR500 (JASCO
Co.) in CDCl; or CDCl; / CsDsN =3 /1 (v /v). FT-IR
spectroscopy was also carried out on a Spectrum GX
(Perkin Elmer Co.), using the KBr pellet technique for
sample preparation. lonization Difference Spectrum was
obtained on UV-560 (JASCO Co.) by differential
spectrum between 2-methoxyethanol solution and
2-methoxyethanol /2 N NaOH = 13 / 12 (v/v) solution.

2.5 Preparation of LP Solar Cells

Photochemical cells with TiO, thin film on FTO
glasses employing LPs were prepared. TiO, pastes were
obtained by well mixing of HPA-15-R TiO, dispersion

Width = 15 mm
L10 mm

irradiation
TiO, film

Length =20 mm
¢ g

W15 mm

Thickness | FTO-glass (10 Ohmcm-2)
3.0mm

Spacer, .
to avoid short Ve

L
VN o | — o)
Ye %/ Pt (ca. 7 nm),

sputtered  FTO-glass

T3.0mm

>,

Conductive surfaces
Electrolyte(ca. 0.25 cm?)

Lignophenols MeCN, I, 10 mM, Lil, 100 mM.

Fig.2 A schematic model of a dye-sensitized solar cell with
lignophenols.

(Shokubai Kasei Co.), P25 (Nippon Aerogel Co.) and
polyethylene glycol (Fw =20 000, Wako Co.) at a ratio
of 100 : 10 : 4 (w/w/w). Well-ground pastes were coated
on FTO-glasses (30 Ohmcm?) using bar-coating
technique with 63 um spacers. The dried films on
FTO-glasses were sintered at 450 °C for 60 min under an
aerobic condition. After cooling to 80 °C, the film on
FTO was immersed into 5.0 gL' of LP solution. The
TiO, electrodes employing LP-electrolytes (0.5 M Lil,
0.05 M I, in acetonitrile)-Pt-FTO was composition of
cells (Fig.2). Performances of the cells were estimated
by potentiostat (HA-105, Hokuto Denko Co.) under
150-W Xe lamp (Hamamatsu Photonics Co.) irradiation
through L41 UV-cut filter.

2.6 Polymerized Electrodes

The TiO, electrodes were immersed into each 5.0 gL'
of THF solution of HCLC-HM and BILC-HM. After 24
hrs, the electrodes were evaporated and heated for 4 hrs.

3 RESULTS AND DISCUSSION
3.1 LP Derivatives

Though the phase-separation system, HCLC was
obtained with 24.7 % and 80.3 % yield based on wood
and lignin contents, respectively. HCLC-HM was
synthesized with 89.2 % of yield. After heat set of
HCLC-HM, polymerized HCLC-HM (HCLC-HM-P)
was obtained quantitatively.

The second derivatives, HCLC140, HCLCI170,
HCLC-HM140, HCLC-HM170, HMLC-HM-P140 and
HCLC-HM-P170 were derived with yields of 88.4 %,
84.6 %, 925 %, 82.0 %, 754 % and 71.1 %,
respectively. As shown above, most of LP derivatives
were obtained with high yields. Almost all these
derivatives were dissolved into acetone or THF except
HCLC-HM-P.

3.2 Characteristics of LP Derivatives

The resulted HCLC derivatives showed dark beige or
brown appearances due to generated conjugated
structure, although HCLC showed light beige. lonization
difference spectra, which demonstrated differences in
structural features from neutral and alkaline conditions,
indicated generations of conjugations by peaks from 320

30 30
25 25 (B)
20 20
£ £
©15 215 Q140
o 2
=10 Z10
5— 5 g5 Q170
0 0 Q
5 -5
0 0

-1 -1
250 300 350 400 450 500 250 300 350 400 450 500

Wavelength / nm Wavelength / nm

Fig.3 lonization difference spectra of HCLC derivatives. (A)P, P140, P170
showed HCLC, HCLC140and HCLC170, respectively. (B) Q, Q140, Q170
showed HCLC-HM, HCLC-HM140 and HCLC-HM170, respectively.
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Fig.4 FT-IR spectra of (P) HCLC, (Q) HCLC-HM and (R) HCLC-HM-
P.

nm to 470 nm (Fig.3). There were no data of
HCLC-HM-P and its derivatives because of little
solubility for 2-methoxyethanol. As both HCLC and
HCLC-HM showed only peaks at 320 nm, there
generated only phenoxide ions. On the other hand,
second derivatives had broad peaks around 370 nm to
visible region. The absorbance depended on
arylcoumaran, stilbene and quinoid type structures [18].

FT-IR spectra supported these results. As shown in
Fig.4, there were new shoulder peaks around 1740 cm™,
quinoid carbonyls, in only HCLC-HM-P. In addition,
decrease of 815 cm’', which showed vibrations of
neighbouring aromatic H out of plain of p-cresol, were
observed in both HCLC-HM and HCLC-HM-P due to
generations of HM bridges. Moreover differences in
hydroxyl groups peaks around 3400 cm’, but other
characteristic peaks were almost the same.

Base on 'H-NMR spectra, both structures of p-cresol

Table I Contents of hydroxyl groups in HCLC derivatives determined

by '"H-NMR.
Derivatives 1 p-Cresol Phenolic-OH Aliphatic-OH HM-OH »
crivatives mol/C, mol/C, mol/C, mol / C,
P 0.75 1.55 059
P140 0.89 1.33 Lis
P170 0.83 1.58 048
Q 0.80 0.99 1.37 0.60
Q140 0.75 1.18 0.64 0.12
Q170 0.93 127 0.32 0.05
R140 0.83 123 0.31 0.04
R170 0.71 1.29 0.83 trace

1) P, Q, R are HCLC, HCLC-HM and HCLC-HM-P, respectively. Both 140,
170 showed second derivatives-I and IT of P, Q and R. 2) Hydroxymethyl -OH

grafted on native lignin and phenolic -OH were stored
through the various chemical treatments as confirmed in
FT-IR (Table I). Decrease on amounts of HM-OH
indicated that detachments of H,O wunder high
temperatures. But other —OH were existed after such
severe conditions. There data of HCLC-HM derivatives
implied that resistances for NGP or AM reactions.
Interestingly, second derivatives of HCLC-HM-P

showed relatively large amounts of hydoxyl —OH groups.

In other words, phenolic resin based on HCLC was
liberated its strong structures through simple alkaline
treatments [22]. Although both arylcoumaran and
stilbene type structures of the derivatives showed peaks
around 4.5 and 6.4 ppm, respectively, but amounts of
these structures could not be calculated because these
peaks were overwrapped on aromatic-H or methoxyl
groups. As shown in previous reports [18], hydroxyl
groups probably acted as good linkers onto surfaces of
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Fig.5 GPC profiles for HCLC derivatives based on standard PS in
THF. P, Q, R were HCLC, HCLC-HM and HCLC-HM-P,
respectively. Both 140 and 170 showed second derivative-I and 11
with reaction temperatures.

TiO, electrodes. Both FT-IR and 'H-NMR data
supported these results more strongly.

Fig.5 demonstrated molecular weight distributions of
HCLC170 (M,, = 1610, M,/M, = 2.14)[18] decreased
drastically from HCLC. On the other hand, both
HCLC-HM170 (M,, = 11150, M,/M,, = 6.25)[18] and
HCLC-HM-P170 (M, = 7400, M,/M, = 4.25)[18]
showed both high molecular weights and low ones with
broad type distributions. Though there remained larger
fractions of HCLC-HM170 than HCLC-HM-P170, both
polymerizations and de-polymerizations of HM
—hydroxyl groups of the former occurred with
generating quinoid type structures under such severe
conditions. As 'H-NMR data implied that polymeric
structures of derivatives of HCLC-HM, these profiles
supported such results.

3.3 Photo-Voltaic Performance

As shown in Table II, HCLC derivatives were used as
photo-sensitizers for nano-TiO, electrodes under visible
and infrared light with intensity of 100 mWem™.
HCLC140 demonstrated relatively better results than
HCLC or HCLC170 as we reported [16]. On the other
hands, second derivative-II of both HCLC-HM and
HCLC-HM-P showed better performances. As shown in
various spectra and GPC profiles, these samples
involved large molecules with rich hydroxyl groups and
conjugations. Moreover both HCLC-HM170 and
HCLC-HM-P170 showed high photo current densities
about 3 mAcm™. These currents meant two important
facts: first, simply large amounts of electrons jumped
over energy barriers of TiO, through excited states of
these structures such as quinoid type structures which
generated easily from HM-groups. Second, there were
advantages on efficiencies of electron transfers between
HCLC derivatives and TiO, surfaces. Therefore
polymerization of HCLC-HM-P directly on TiO,
surfaces was carried out because of utilization of these
two important factors. In addition to these, in order to
observe influences of structural features of native lignin,
HM-P derivatives of Birch-lignophenol (p-cresol type)
were tried at the same time.

As demonstrated in Fig.6 and bottom of Table II, direct
polymerization largely improved photo current densities
due to both increase excited electrons from conjugated
structures and to decline of energy barrier by
approaching. Especially a result of birch was drastically
improved because electron transfers increased close to
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Table IT Photovoltaic performances of Hinoki cypress-lignophenol-cells
under 100 mWem-2 of visible light (150-W Xe lamp through L41-UV-

cut filter)

Sensitizers ! Vo!V I,/ mAcm? FF n/%
P2 0.514 3.28 0.60 0.81
P140 0.484 3.71 0.58 0.87
P170 2 0.521 2.67 0.58 0.79
QY 0.519 238 0.64 0.77
Q140 0.471 243 0.65 0.67
Q170 0.491 3.00 0.65 0.77
R? 0.395 1.38 0.62 0.33
R140 0.446 2.67 0.64 0.64
R1702 0.475 3.17 0.60 0.89
QP 0.483 4.00 0.61 1.06
Q(Birch) 0.525 1.00 0.64 0.33
QP(Birch) 39 0.477 242 0.61 0.94

1) P, Q, R were HCLC, HCLC-HM and HCLC-HM-P, respectively. Both 140 and 170

showed second derivative-I and I, respectively. 2) already pressed in Trans. Mater. Res.

Soc. J., 32[4], 1107(2007), 3) Birch-lignophenol (p-cresol type)-HM, and its polymer by

heat set on TiO, electrode. 4) lignophenol-phenolic resin polymerized direct on TiO,

electrodes at 150 °C for 4 hurs.
energy band of TiO, charge band. These results implied
that relative low photo-electricity conversion partly
depended on difficulty for electron orbital of hardwood
LP derivatives to approach onto the surface of TiO, due
to rich 3,5-dimethoxyl structures (syringyl structures),
(Fig.7). Also based on these structures, there are less
reactive sites for HM reactions than HCLC. Moreover
there were more rich natural conjugated system such as
Cs-Cs diaryl structures for 10 % of all linkages in native
lignin, but hardwood has only 5 %. In conclusion,
effective conjugated structures for LP cells were quite
different. For example, the characteristic conjugation of
lignophenol such as arylcoumaran was good just for
HCLC. On the other hand, it is effective to be prepared
quinoid type structures for LP-HM. Moreover,
shortening distance for electron transfer was effective to
improve efficiencies.
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Fig.6 I-V curves for lignophenol cells under 100 mWem?? visible and
infrared light irradiations. (A) HCLC-HM, (B) direct polymerization
HCLC-HM-P on TiO,, (C) Birch (BI)-LC-HM and (D) direct
polymerization of BILC-HM-P on TiO,.

4. CONCLUSIONS

LP derivatives through the NGP or AM reactions based
on HCLC, HCLC-HM and HCLC-HM-P were used as
photo-sensitizers for TiO, electrodes. Arylcoumaran and
stilbene type structures for HCLC derivatives
contributed to high photo-electricity conversions. But
for LP-HM, contribution of quinoid seemed to be more
than HCLC because polymeric structures remained after
both NGP and AM reactions. Direct polymerization of
LP-HM on TiO, electrodes demonstrated large

Fig.7 Differences of structural features on 1,1-bis(aryl)propane-2-O-arylether type
structures between (A) HCLC and (B) BILC. G and S means guaiacyl and syringyl
structures which are main units of native lignins. In general, softwood lignin
consists of only G, but hardwood consists of G/S=1/1.

improvements photo electron transfers. Based on these
fundamental results, both optimization and improvement
are expected for LP cells.
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Separation by Molecular Weight during Purification Process of Lignophenol
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Separations of Hinoki cypress (Chamaecyparis obtusa )-lignophenol (p-cresol type, HCLC),
which are phenolic lignin-based polymers derived directly from lignocellulosics through the
phase-separation ~ system, by  molecular weight wusing  diethylether (EtOEt),
cyclopentylmethylether (CPME), tert-Buthylmethyether (TBME) and EtOEt / CPME (1 /1, v/
v) in ordinary purification processes were carried out. After purification, each lignophenol
showed different purification yields: HCLC-E, HCLC-C, HCLC-T and HCLC-B showed 63.7 %,
50.3 %, 71.0% and 62.8 %, respectively. These HCLC samples showed different average
molecular weights estimated by GPC. To begin with number average molecular weight (M,)
were 7 870, 9 960, 11 850 and 8 920, respectively. Next, weight average molecular weight (M,,)
were 17 960, 22 510, 24 770 and 20 370, respectively. These HCLC samples showed almost
same chemical properties such as appearance, solubility for solvents. Moreover same structural
features were confirmed by FT-IR and "H-NMR. Since these HCLC samples also showed almost
same thermal properties, there are just a little difference for 5 °C on TMA. In conclusion,
Molecular weight separation can contribute to not only new advanced chemical modifications for
lignophenols, but to investigate new structural features of both lignophenols and whole native

lignins in ligunocellulosics.

Key words: lignin, lignophenol, molecular weight, solubility, separation

1. INTRODUCTION

Recently biomass has been expected as a substitution
for fossil carbon resources in front of both serious
environmental crisis and of apprehension for exhaustion
of petroleum. Especially lignocellulosic materials have
been tried to be applied for various industrial materials
because they are sustainable and common raw materials
on the earth. In general, lignocellulosics has been
utilized as fuel, woody materials, and pulps as papers or
fibers. As lignocellulosics consists of cellulose (50%),
hemicellulose (15%) and lignin (30 %), utilization of
carbohydrate especially pulp has been often used
because of its rich contents. On the conventional
separation process with high temperature, high pressure
and chemicals, sensitive lignin was destroyed and
polymerized at random. Because almost all reactive sites
of native lignin were exhausted, the resulting lignins
have little chemical reactivity. The low reactivity caused
almost all these lignins to be used as thermal sources.
But lignins are abundant and important aromatic
resources with long circulation loop, it is wrong to be
burned out to CO,. Therefore in order to utilize whole
lignocellulosics perfectly, it is important to separate
components of lignocellulosics to keep the reactive sites
of lignin. The phase-separation system is one of the
solutions to utilize whole lignocellulosics [1-2]. On the
reaction on the surface between phenols and acids, both
separation of components and conversion of lignin to
functional materials are realized under 1 atm and room
temperature within 60 min (Fig.1). Through this reaction
both native lignin and carbohydrates were quantitatively
converted into 1,1-bis(aryl)propane-2-O-arylether-3-ol
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Lignocellulosics
1) p-Cresol / acetone
2) Acetone evaporation
3) Acid treatment
72 % H,S0O, /1 atm
/30 °C /60 min

Excess water

80 mesh passed
Extractive free

Water insoluble  water soluble

1) De-acidification
2) Freeze dry
Acetone extraction

Ether Purification (A) EtOEt
\ (B) CPME
(C) TBME
Insoluble (D) EtOEt / CPME
(Lignophenol) =1/1(v./v.)

Fig.1 Synthesis flow of the phase-separation
system. On the final step of purification, three
different solvents were used.

type phenolic lignin based polymers (lignophenols) and
hydrolyzed sugars. Lignophenols have appropriate
properties for chemical applications such as high
solubility for solvents, thermal plasticity, sustainable
molecular designs, bio-degradability, bio-compatibility
and so on [2]. Based on these appropriate chemical and
physical analyses of lignophenols, various applications
of lignopehnols have been tried and realized [1-3].

In purification processes of lignophenols using ethers
shown in bottom of Fig.1, both insoluble and soluble
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moieties were separated. EtOEt-insoluble lignophenols
have M,, around 8 000-20 000. While EtOEt soluble
moieties have small M,, (1 590, M,/M, = 1.81) by using
nano-TiO, collection method [3]. Interestingly these
small molecules showed better performance on several
applications  [3]. These results implied that it is capable
to separate fractions of lignophenols by molecular
weight using various solvents. Moreover it is worthy to
separate components by molecular size for various
advanced applications. But in general, molecular weight
separations are carried out by gel-permeation separation,
membrane separation or ultra-filteration membrane
mainly in bio-chemical, proteins DNA chemistry,
medical [4-5] and waste water treatment [6]. Although
these methods can cut-off molecular weights exactly, it
is hard to treat large amount of materials.

Added this, EtOEt always has high risk of fire or
productions of peroxides under aerobic conditions, but
EtOEt is the best solvent. In order to overcome these
problems, Cyclopentylmethylether (CPME, Zeon
Co.)[7] and other ethers were tried to apply for
purification. CPME is known for one of good
substitutions for EtOEt or tetrahydrofran (THF) in
organic synthesis [8-10]. Properties of CPME were 106
°C of boiling points, 0.809 cP of viscosity, 0.86 gem™
density and g(25 °C) = 8.4. As CPME is hard to generate
peroxides, it is safe and easy to be recycles and reused ,
compared to other alkyl ethers [7].

In this study, separations of lignophenol based on
solubility through the ordinary purification processes
using 4 different ether systems, (A) diethylether (EtOEt),
B) cyclopentylmethylether (CMPE), ©
tert-Buthylmethylether (TBME) and (D) mixtures of
EtOEt and CPME (1 / 1, v /v) in large scales were tried.
After purification, comparisons of characteristics of
HCLC samples by GPC, 'H-NMR, FT-IR, TMA and
TGA were carried out.

2. EXPERIMENTAL
2.1 The phase-separation system

Synthesis of lignophenol (p-cresol type) was followed
by the phase-separation system (2-step method, process
II) [2-3]. Hinoki cypress (Chamaecyparis ob tusa) was
used as softwood lignocellulosic material. Milled wood
(80 mesh passed, 500 g) was defatted by acetone and
dried before synthesis. The milled wood was mixed with
p-cresol in acetone. Amount of p-cresol was 3 mol for
phenylpropane units (Cy), which is basic unit of lignin
structures. After 24 hrs acetone was evaporated. The
obtained milled wood with p-cresol was reacted with
72 % H,S0, at 30 °C for 1 hr in a reactor in system plant
No.1 (established in Mie University since 2001,
JST-CREST). The resulting mixture was quickly
immersed into excess water under vivid stirring. The
mixture was neutralized by changing water. After
de-acidification, precipitates were collected and dried.
After extraction by acetone, the concentrated acetone
solution (54.2 gL™") was dropped into excess ethers such
as EtOEt, CPME, TMBE and 1/1 (v./v.) mixture of
EtOEt and CPME under vivid stirring in ice bath. The
resulting precipitates were washed thoroughly to remove
un-reacted p-cresol. After vacuum drying over P,Os,
ether insoluble moieties of Hinoki cypress-lignophneol
(p-cresol type, HCLC) were obtained. Each lignophenol

was noted as HCLC-E, HCLC-C, HCLC-T and
HCLC-B, respectively.

2.4 Characterization of lignophenols

The structure of HCLC was characterized by Gel
Permeation Chromatography (GPC), 'H-NMR, FT-IR
and Thermal Mechanical Analysis (TMA). GPC was
carried out by LC-10 system with four columns (KF801,
KF802, KF803 and KF804, Shodex Co.). Rectificated
tetrahydrofran (THF) was used as eluent with 1.0
mLmin™ of flow rate at 40 °C. UV-light at 280 nm was
used for detection. Both M,, and M, were determined
based on standard polystylene. '"H-NMR spectrum was
measured by FT-NMR500 (JASCO Co.) in CDCl; or
CDCl; / CsDsN =3 /1 (v / v). p-Nitrobenzaldehyde and
TMS were used as internal standards. TMA was also
carried out by TMA-SS (Seiko Insturuments Inc.) in the
temperature range 50-280 °C at a rate of increase of 2
°Cmin™', using penetrating technique for a measurement.
The samples were set on Al pan (5 mm). Geometry was
quartz needle for penetration method. FT-IR
spectroscopy was also carried out on a FT-IR8400
(Shimazdu Co.), using the KBr pellet technique for
sample preparation.

3. RESULTS AND DISCUSSION

3.1 The phase-separation system

After the phase-separation system for Hinoki cypress,
97% yield of crude lignophenol based on lignin contents.
Using four different solvent systems, purified HCLC
showed just a little different characteristics. But almost
all the properties were quite same. After purifications,
yields of insoluble moieties of HCLC-E, HCLC-C,
HCLC-T and HCLC-B were 63.7%, 50.3%, 71.0% and
62.8%, respectively. These all HCLC solids were
sufficiently purified by removing un-reacted p-cresol
and small fractions confirmed by GC and TLC. These
HCLC solids had light beige appearances and were

(A) /\ (B) /

I | L =7
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(C) \ (D) /
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Retention Time / min

Fig.2 Normalized GPC profiles for (A)
HCLC-E, (B) HCLC-C, (C) HCLC-T and (D)
HCLC-E/C. Dotted lines were fixed on t = 30
min.
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Table 1 Average molecular weights of HCLC.

Solvents M, M, M, /M,
EtOEt 7870 17 960 2.28
CPME 9960 22510 2.26
MTBE 11850 24770 2.09
Blend » 8920 20370 2.28

1) EtOEt/ CPME =1/1 (v./Vv.)

perfectly dissolved in acetone, ethanol, THF, pyridine
and 1.0 M NaOH. Moreover the yield of HCLC-B was
similar to HCLC-E. This result implied that properties of
the solution were much dominated by EtOEt.

3.2 Average Molecular Weight

As shown in Fig.2, molecular weight distributions were
different by using different ethers. All HCLC samples
showed bimodal peaks with valley around t = 30 min.
These bimodal peaks were due to main structures of
native lignin. The higher molecular weight was mainly
due to native lignin in intercellular layer, which contains
rich network type lignin generated on the first growing
step in bio-synthesis through bulk polymerization in
plant cell. On the other hand, the lower one was
characterized by second wall lignin, which contains rich
linear type lignin synthesized on the final lignifying step
through endwise polymerization on inner wall in a plant
cell.

HCLC has rich CB-O-C, structures, which are most
major linkages of lignins, after cleavages from Ca
(benzyl) aryl ether structures by both acid treatments and
phenol grafting reactions [3]. In general, softwood
native lignins have rich conjugated network type
structures such as Cs-Cs biphenyl type (10-11%),
CB-0-Cs phenylcoumaran type (9-12 %) and C4-O-Cs
diarylether type structures (4%) [11]. These structures
remained through the phase-separation system.
Therefore due to these two different type molecular
structures, GPC patterns were divided.

As compared Fig.2 (A) and (B), HCLC-E included
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Fig.3 FT-IR spectra of (A) HCLC-E, (B)
HCLC-C, (C) HCLC-T and (D) HCLC-E/C.
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lower molecular weight moieties than HCLC-C. In fact
average molecular weight (Table 1) M, (M,) of both
HCLC-E and HCLC-C were 17 960 (7 870) and 22 510
(9 960), respectively. This result showed solubility of
HCLC for CPME was larger than EtOEt. Moreover
HCLC-T showed larger both M,, and M, (Fig.2, Table 1)
with high yield. This result implied that TBME
dissolved more linear type molecules selectively.

PNB /
pyridine (A) pyridine (B)

ppm ppm
Fig.4 "H-NMR spectra of (A) HCLC-E and (B)
HCLC-C.

3.3 Chemical features

As shown in Fig.3, spectra of FT-IR were quite same.
This result clearly demonstrated that all HCLC samples
had same functional groups such as grafted p-cresol (815
em’™), ether linkages of lignin units (1 300 - 1 000 cm’™),
aromatic skeltones (1 650 - 1 450 cm™), no carbonyls ( 1
700 cm™) no aldehydes (2 000 cm™), rich methylene
linkages (2 900 cm™) and rich hydroxyl groups ( 3 400
em™). The same chemical features can be contributed to
various advanced modifications.

As 'H-NMR spectra showed also same chemical
features such as methylene groups of grafted p-cresol
(2.5-2.0 ppm), methoxyl groups (4-3 ppm), aromatic
rings (8-6 ppm) and no carbonyl and carboxyl groups (>
9 ppm) were obtained (Fig.4). For example, HCLC-E
and HCLC-C had 1.59 mol/Cy and 1.69 mol/ Cy of
phenolic-OH, 0.93 mol/ Cy and 0.75 mol C, of
aliphatic-OH and 0.81 mol/ Cy and 0.82 mol/ Cy of
grafted p-cresol, respectively. This comparison indicated
that low molecular fractions included rich aliphatic-OH
groups. Although there were same amounts of grafted
p-cresol, total phenolic groups were decreased in
HCLC-C. This showed natural phenolic moieties existed
in lignopheols tends to be dissolved into CPME. But
there were few differences on other parameters between
HCLC-E and HCLC-C.

3.4 Thermal Properties

There are some relationships between thermal
properties and molecular weights. Thermal behaviors of
lignin materials are often measured by TMA using
penetration method [12]. All HCLC samples were
perfectly plasticized around 170 °C (Fig.5). The
Solid-Liquid phase transition temperatures of HCLC-E,
HCLC-C, HCLC-T and HCLC-B were 174.2 °C, 178.2
°C, 179.2 °C and 177.0 °C, respectively. The TMA
patterns showed that HCLC molecules had almost same
thermal properties because all HCLC samples
plasticized smoothly within 30 °C with low viscosities.
Although there are large differences of both M, for 5
000 and M,, for 6 000 among HCLC samples, TMA
temperatures showed slight dependences on the
molecular weights. This result implied there were strong
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Fig.6 TG curves for (A) HCLC-E, (B) HCLC-C
and (C) HCLC-T.

and dominant both inter- and intra-molecular
interactions such as hydrogen bonds due to both rich
phenolic and aliphatic -OH groups.

As shown in Fig.5, all HCLC samples showed good
plasticity, but there were little decompositions in HCLC
molecules. As Fig.6 demonstrated, HCLC-E, HCLC-C
and HCLC-T had only little weight losses under 200 °C.
There was also little difference among these three HCLC
samples. As described in our previous report [13],
weight loss observed under 250 °C was mainly due to
release of small fractions such as HCHO or H,O
detected using TG-GC/MS. Therefore 5 % weight loss
under 250 °C depended on releasing these small
fractions or solvents. Over 250 °C same TG curves were
obtained to 500 °C for all HCLC samples. Since
amounts of remained moieties which were carbon rich
materials obtained around 500 °C, all HCLC samples
had same amounts (65%). This result indicated that there
were same carbon skeletons in polymeric structures after

removed small fractions by solvents.

4. PERSPECTIVE FOR APPLICATIONS

Base on this separations, two important perspectives on
applications of lignophenol were obtained.

First, these separations of contents in these bimodal
peaks will contribute to discuss structures of native
lignin, because analyses of whole lignin without heat or
pressure have never been investigated. Although milled
wood lignin is regarded as better sample of native lignin,
yield of this lignin is very low. On the other hand,
lignophenol is derived directly from native lignin under
mild physical condition almost quantitatively. Therefore
lignophenol can be applied for the first lignin derivatives
to analyze whole lignin in lignocellulosics. Moreover by
separation of contents using these solvents, new
information about two different types lignin such as
lignophenol of bulk polymerization and endwise
polymerization can also contribute to investigate the
structures of native lignin in cell walls.

Secondly, using EtOEt, CPME and TBME, average
molecular weight of HCLC was devided by 2 000 for
both M, and M,,. These exact division can be contributed
to various chemical applications.

5. CONCLUSION

Using EtOEt, CPME, TBME and EtOEt / CPME
solution for purification of HCLC, components were
separated by molecular weight in the ordinary
purification process of lignophenols. Not only these
ethers, but changing structures of ethers characteristics
of lignophenols can be controlled. Though there were
few differences in chemical properties, a little difference
of thermal properties was observed. As each component
of the bimodal peaks in the GPC profiles was separated,
new advanced investigates on both lignophenols and
native lignin are expected.
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Two syntheses of novel lignophenol (LP) derivatives via hydroxymethlylated (HM) lignophenol
(p-cresol type) under conditions of the phase-separation system were carried out. First,
brush-type derivatives were carried out wusing HM-Western Hemlock (Tsuga
Heterophilla)-lignophenol (p-cresol type, HMLC1) as benzyl compounds. Resulting derivatives
were obtained with high yields. Due to high reactivity and high affinity between p-cresol and
HMCLI, there are no influences with or without reacting supports. Resulting LC2, LC3 and LC4
showed almost same characteristic properties as LP estimated by 'H-NMR, TMA, GPC.
Secondly, bulky alkyl phenols were also tried to apply for second grafting phenols to HM-Hinoki
cypress (Chamaecyparis obtusa)-lignophenol (p-cresol type, HM-HCLC1). Without vanishing
reaction-supports (pulp, freeness100), all derivatives were aggregated. On the other hand, using
reaction-supports, 4-sec-buthylphenol (4SBP), 4-(1,1,3,3-tetramethyl)buthyl phenol (4TMBP)
and 4-pentylphenol(4PP) generated derivatives with 47.6 %, 25.4 % and 59.4 % yields,
respectively. A part of derivatives were dissolved into purification solvents such as EtOEt.

Resulting derivatives were estimated by GPC, TMA and "H-NMR.
Key words: lignin, lignophenol, benzyl structure, cellulose, reaction support

1. INTRODUCTION

Recently serious environmental problems such as
global warming concerning exhaustion of CO, have
been paid a lot of attentions. Moreover apprehension for
exhaustion of petroleum has also been attracted. To
overcome a part of these problems, utilization of
biomass has been tried for substitution of petroleum as
both fuel and materials because of its sustainability.
Especially lignocellulosics such as wood, glasses were
regarded as one of best substitutions. However it has
been almost impossible to be utilized whole
lignocellulosics after separation of contents due to
complicated and enforced inter-penetrating complexes
(IPN structures) of both lignin and carbohydrates[1].
Therefore in an aspect of material utilization, only
carbohydrates have been utilized as pulps, which
amounts are corresponded to only 50 % of materials, in
industry. As chemical reactivity of lignin was exhausted
through the separation process under high temperature
and pressure, lignin has been utilized as only fuel.

In order to utilize whole lignocellulosics, new reaction
system, the phase-separation system, with both
separations and structural conversions which consist of
heterogeneous surface reactions has been developed
[2-4]. Through the surface reactions between phenol /
concentrated acids, both carbohydtares and lignin are
separated and converted into aqueous carbohydrates and

OHK‘T\/
o]
g
R\O Lo}
P

Softwood Native Lignins
(Benzyl / Ca-O-ether type linkages)

OHr
o

The Phase-Separation OH CHy
System

b

p-cresol/acid CHs
rt, 1atm
1,1-bis(arylpropane)-2-O-arylether type
Lignophenol (p-cresol type)

Fig.1 Initial reactions with p-cresol of benzyl and Ca-O-ether type structures in
native lignin under acidic conditions through the phase -separation system.
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lignin-based polymers, lignophenols
quantitatively under 1 atm and room temperature.

Through the reaction, at first step, 3-dimensional
linkages of native lignin were quickly released on both
benzyl aryl ether structures or benzyl units which
included about 5-10 %[5] in softwood under acidic
conditions[6-7]. However, main structures, Cp-O-4
arylether linkages were not cleft. On the cleavages
benzyl aryl ethers, rich phenols around native lignin
selectively attacked to Ca. carbocations. The resulting
lignin-based polymers have
1,1-bis(aryl)propane-2-O-arylether-3-ol type structures
with rich Cp-O-4 linkages about 80 %[4,8].

On the other hand, benzyl structures are good reaction
sites for nucleophillic attacks due to stable benzyl
cations because of high reactivity especially under both
acidic and heated conditions. For example, benzyl
alcohol easily reacted to aliphatic-OH under only pH=6
buffer at 60 °C with self-condensations [9-11].

In fact, catechol was easily grafted to
hydroxymethylated Hinoki cypress-lignophenol
(p-cresol type, HCLC-HM) through the phase-separation
system (72 % H,SO4) with almost 100 % of yields
without condensations, although catechol without a
reaction-support ~ was easily dissolved and
self-condensed under strong acid condition [12]. In
general, lignin-based materials are likely to be
aggregated and then self-condensed by itself. Therefore,
to prevent from aggregating, cellulose reaction supports
were used as vanishing reaction-supports through the
phase-separation system. These reaction-supports acted
to keep heterogeneous reaction surfaces with degrading
by hydrolysis gradually [12].

Therefore using benzyl structures of HM structures,

(LPs),
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carried out through the phase-separation system. (A) LC, (B) HCLC-HM and (C)
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Fig. 3 Structures of (A) 4SBP, (B) 3NPDP, (C) 4TMBP and (D) 4PP.
more well-designed products can be synthesized.
Moreover various phenols, which have been considered
that it is impossible to be grafted because of poor
affinity with lignocellulosics, can be grafted to LP.

In this study, two grafting reactions were carried out.
First, synthesis of blush-type LP derivatives by
successive grafting of p-cresol via methylene chains was
tried (Fig.2). Secondly, several alkyl phenols were tried
to be grafted. Although direct grafting to lignin of
several alkyl phenols such as o-, m-cresol, xylenols,
ethylphenol, 4-n-propylphenol, guaiacol has been tried
and succeeded already [3], more bulky phenols have not
tried yet. Therefore four bulky alkyl phenols such as
4-sec-buthylphenol ~ (4SBP),  3-n-pentadecylphenol
(3NPDP), 4-(1,1,3,3-tetramethyl)buthyl phenol
(4TMBP) and 4-pentylphenol(4PP) were tried to
grafting on LPHM with vanishing reaction-supports
under the phase-separation system (Fig.2, 3).

2. EXPERIMENTAL
2.1 Synthesis of lignophenols

Western Hemlock (7suga Heterophyll) and Hinoki
cypress (Chamaecyparis obtusa) were used as softwood
materials for the phase-separation system. The woody
materials were milled for 80 mesh passed. Extractives in
the material were removed by acetone at room
temperature for 72 hrs. The milled woods (500 g) were
thrown into acetone solution of p-cresol with
concentration of 3 mol / phenylpropane units (Cy units),
which were subunits of native lignin determined by
Klason method. After evaporation of acetone, 72 %
H,SO, aq. solutions were poured into the material
adsorbed with p-cresol at 30 °C. Then the mixtures were
stirred vigorously for 60 min soon after mixing. After 60
min, the reaction mixtures were thrown into 20 L of
de-ionized water with vigorously stirring by a
homogenizer for 5 min. Then the purple precipitations
were washed until pH = 5. After drying, the
precipitations were extracted by acetone. The acetone
solutions were purified by dropped into EtOEt under
vigorously stirring at 0 °C. After evaporating and drying
on P,0s, both Western Hemlock-lignophenol (p-cresol
type, LC1), and Hinoki cypress-lignophenol (p-cresol

type, HCLC1) were obtained [2-4].

2.2 Preparation of vanishing reaction-supports

Kraft pulp was dispersed in de-ionized water. The
suspension was beaten to freeness 100 estimated using
Canadian freeness-tester [12-13].

2.3 Synthesis of derivatives

Hydroxymethylated LC1(HMLC1) and HCLC
(HM-HCLC1) were synthesized in 0.5 M NaOH
solution by mixing 20 mol of formaldehyde for a
amount of aromatic rings in lignophenol at 60 °C under
N, atomosphere with a stirring system and a reflux
condenser. After 3 hrs reaction, 1.0 M HC1 was dropped
into the mixture at 5 °C to pH = 2.0. The resulting
precipitation was washed to pH = 5.0. After the
insoluble residues were dried over P,Os, both HM-LC1
and HM-HCLC1 were obtained.

2.4 Second phenol grafting

Second phenol grafting lignophenol was synthesized
from HM-LC1 or HM-HCLCI, with or without
reaction-supports through the phase-separation system
(Two-step method, process-I). p-Cresol, 4SBP, 4-TMBP,
3NPDP and 4PP were used as the second grafting
phenols. HM-LC1 (0.15 g) and phenols (20 mol/Cy)
were adsorbed on 1.50 g of dry Kraft pulp (freeness 100)
in 35.0 mL of THF. After evaporation of THF the
resulting compound was reacted through the
phase-separation system (2 step method, process-I) with
20.0 mL of 72 % H,SO, under 30 °C. After 30 min, 20.0
mL of p-cresol was added to the reaction mixture as an
extracting solvent under stirring. After 20 min, the
organic layer and aqueous layer were separated by
centrifugation (3 500 rpm). The organic layer was
washed by EtOEt. Insoluble moiety was refined in the
same way as LC1. After evaporation and dry on P,Os,
lignophenol, the second phenol grafted (LC2) was
obtained. Moreover only p-cresol type was repeated to
be derived into LC3 and LC4.

2.5Characterization of lignophenols

The structures of LP were characterized by Gel
Permeation Chromatography (GPC), 'H-NMR and
Thermal Mechanical Analysis (TMA). GPC was carried
out by LC-10 system (Shimadzu Co.) with four columns
(KF801, KF802, KF803 and KF804, Shodex Co.), using
tetrahydrofuran (THF) after rectification as eluent. Both
M,, and M, were determined based on standard
polystyrene. 'H-NMR spectrum was measured by
FT-NMR500 (JASCO Co.) in CDCl; or CDCl; / CsDsN
=3/1(v/v). TMA was also carried out by TMA-SS
(SII Inc.) in the temperature range 50-280 °C at a rate of
increase of 2 °Cmin™' with vertical 49 mN force, using
penetrating technique for a measurement. UV-Vis
spectroscopy was carried out on an UV-560 (JASCO
Co.). FT-IR spectroscopy was also carried out on a
FTIR8400 (Shimadzu Co.), using the KBr pellet
technique for sample preparation.
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Table I Yields, weight average molecular weights and amounts of hydroxyl
groups in lignophenols derived based on LC1(Western Hemlock-LC).
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-OH?
. Yield d) 9 Grafting p-cresol®  Phenol Aliphatic
M, M,

Lignophenols ',/ M, W mol / Cy mol/C, mol/Cy
Lct® 1899 14200 28 0.76 111 0.95
LCHM1 ) 98.7 15 100 2.8 0.84 1.69 1.63
LC2 75.1 10 600 1.8 1.10 1.86 1.16
LCHM2 98.2 10 300 2.5 1.02 2.09 2.60
LC3 75.7 10 800 1.9 1.65 2.13 1.61
LCHM3 923 11 400 23 1.49 224 2.61
LC4 81.9 14 400 1.9 1.92 220 0.92

a) Western Hemlock-lignophenol (p-cresol type), b) Hydroxymethylated LC1, c) based on native lignin in
wood meals, d) M, and M, were deterimied by GPC, ¢) caliculated based on 'H-NMR.

3. RESULTS AND DISCUSSION
3.1 Brush type derivatives
LC1 was obtained with 60.9 % and 18.9 % yields

based on wood meal and Klason lignin, respectively. As
LC1 had 0.76 mol/Cy of p-cresol, 0.24 mol/Cy of
un-reacted benzyl structures remained after reaction of
the phase-separation system (Table I). After
hydroxymethylation, LCHM1 was derived from LC1
with 987 % yield and with 0.69 mol/Cy of
hydroxymethyl-OH in 1.63 mol/C, aliphatic-OH. Next,
grafting reaction between LCHM1 and p-cresol on the
surfaces of p-cresol / 72 % H,SO, heterogeneous
conditions resulted in LC2 with rich phenolic-OH. As
p-cresol had affinity with lignophenol derivatives,
reactions were carried out perfectly without reaction
supports [12]. In these ways, both LC3 and LC4 were
also synthesized. Interestingly, average molecular
weights of both LC2 and LC3 were smaller than LC1
with low M, /M, values. This implied that the un-reacted
Ca-ethers were cleft through the 2™ and the 3™ acid
treatments. After cleavages of these linkages, generating
small fractions were dissolved into EtOEt during
purification processes. On the contrary, LC4 showed
relatively high M,, because there were few un-reacted
arylethers already, therefore almost all Ca carbon were
grafted by p-cresol. In fact, the yields of both LC2 and
LC3 decreased, but only LC4 showed high yield. This
indicated that after 4™ p-cresol grafting via HM bridges
there were few un-stable reaction sites in the molecules.

As shown in Table I, there were clear correlations
between amounts of p-cresol and reaction frequencies.
Moreover there were new signals of methylene proton at
4 ppm in '"H-NMR (data not shown). These results
indicated that successive linkages of p-cresol via
methylene chains from C1-phenol nuclei. In addition to
these results, TMA results showed LC2, LC3 and LC4

100 120 140 170
Temperature / °C
Fig.4 (A) Structures of brush-type derivatives (LC4) synthesized
and (B) molecular weight variations after phenol switching
treatments under 0.5 M NaOH aq.
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were plasticized near 150 °C. Therefore these derivatives
have relatively linear type polymeric structures.

Fig.4 demonstrated a structure of LC4 and drastic
molecular weight variations after alkaline treatments. In
general, lignophenols with ortho-OH phenols cleaved
CB-O-4 main chains by nucreophillic attacks by
lone-pairs on oxygen on phenoxide ions under alkaline
condition over 100 °C[8, 14-15]. After the reactions,
phenol structures were switched to counter parts. These
reactions were based on neighbouring group
participation [16] and arylmigration [17] of lignin-based
materials. Interestingly, all LC materials showed
convergence to M, = 1 000. These results implied
phenol-switching reactions occurred on the 1* phenols
grafted to Ca positions. Consequently, using HMLC as
combination sites for phenols, new precise and practical
applications with controls of both network density and
branches are expected.

3.2 Grafting of alkyl phenols using reaction-supports

In general, it has been difficult to use alkyl phenols
with long or bulky chains as phenolic media for
lignocellulosics through the phase-separation system,
because of hydrophobicity. Due to this high
hydrophobicity, alkyl phenols can not solvated native
lignin. Without solvation of phenols, effective grafting
reactions can not be occurred. Therefore only limited
phenols with small alkyl substitutions (mainly under C3)
were often used. If various phenols which have low
affinity for lignocellulosics can be grafted into
lignophenol molecules, possibility of lignophenols will
be developed.

Both HCLC and HM-HCLC were obtained with high
yields (Table II). In addition to these results, p-cresol
contents were 0.74 and 0.79 mol / C,, respectively.
Although direct grafting reactions with HM-LC1 were
tried, reactions have not occurred sufficiently with
generating aggregations. On the other hand, using
vanishing reaction-supports, solid of lignophenols with
4SBP, 4TMBPand 4PP were obtained but 3NPDP
(Table II). Though some part of a derivative with
3NPDP was obtained as an acetone extraction, there was
no solid of lignophenol derivatives after EtOEt or
Benzene / n-Hexane purification systems. Both 4SBP
and 4PP showed 47.6 % and 59.4 % yields, respectively.

Table II Results of synthesis of HCLC-HM-alkylphenols
through the phase-separation system using Kraft pulp as
vanishing reaction supports under r.t. and 1 atm. Acid was
72 % H,SO,.Hydrophobic moieties were taken up by 10.0
mL of p-cresol after 30 min reaction. Extractions and
purifications were carried out by both acetone and EtOEt.

Phenols ¥ Yield 9/ % M) M, M, /M,
HCLC 83.7 5670 21630 3.81
HCLC-HM 97.4 5040 19 812 3.93
4SBP 47.6 5290 19270 3.64
3NPDPY NA e e
4TMBP 254 4510 6030 1.34
4PP 59.4 10 860 23 080 2.12

a) 4SBP: 4-sec-buthylphenol, 3NPDP: 3-n-pentadecylphenol, 4TMBP: p-(1,1,3,3-
tetramethylbuthyl) phenol, 4PP: 4-pentylphenol. ¢) HCLC-HM-3NPDP was dissolved
in EtOEt. ¢) Yields were based on HCLC-HM, d) products did not obtained as a solid.
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Fig.5 Thermal mechanical analyses (TMA) profiles for (A) HCLC-HMI, (B) HCLC-HM-4SBP, (C) HCLC-HM-
4TBMP and (D) HCLC-HM-4PP.

As after EtOEt purification the aliquots showed light
brown appearances, large parts of products would be
dissolved like 3NPDP. As these phenols derived almost
same M,, as HCLC or HCLC-HMI, reactions between
HM-groups and phenols seemed to be occurred
sufficiently. But 4PP showed large M, probably due to
polymerization at un-reacted Co.-positions because these
products were dissolved easily in acetone. Low yield of
4TMBP was due to both rich aggregations during acid
treatments and high solubility in EtOEt. Therefore only
small fraction of EtOEt insoluble fractions was obtained.

In addition to low polydispersities of 4SBP, 4TMBP
and 4PP derivatives, results of TMA supported linear
structures of resulting products. As shown in Fig.5,
4SBP, 4TMBP and 4PP derivatives showed clear
solid-liquid transition points around 170 °C, but
HCLC-HM1 showed no plasticity. As there were few
weight losses in HCLC-HM1 over 170 °C to 250 °C
confirmed by thermal gravity analysis (TGA, data not
shown), polymerization by heat-set was occurred.
By intervals between start and end points of plasticity,
information of viscosity was obtained. 4PP showed low
viscosity but both 4SBP and 4TMBP showed relatively
high viscosities. Moreover as Fig.5(C) showed there is a
kick back type keen variation due to bubble up by gases
such as H,O from liquid 4TMBP derivatives. These
differences on viscosity were due to alkyl chains
combined to C1 phenol via methylene chains. As HCLC
showed clear plasticity around 170-180 °C, main thermal
properties were dominated by HCLC.

As shown in Fig.6, there were characteristic "H-NMR
spectra of 4SBP, 4TMBP and 4PP derivatives. In all
spectra there were 8-6 ppm (aromatic ring-H), 5 ppm

00 150 20 250
Temperature / °C

(phenol-OH and un-reacted benzyl-H), 4 ppm
PNB PNB OH
pyridine  (A) " L pyridine (B) L
™S
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Fig.6 'H-NMR spectra for (A) HCLC-HM-4SBP, (B) HCLC-HM-4TBMP
and (C) HCLC-HM-4PP. L means lignin structures.

(methylene bridges), 4-3 ppm (methoxyl groups),
2.5-2.0 ppm (methyl groups of p-cresol) and 2.5-0.5
ppm (characteristic alkyl groups) were observed.
Unfortunately, it was impossible to caliculate amount of
phenols or hydroxyl groups because signals
corresponded to alkylchains were overwrapped over
methyl signals of p-cresol. But these spectra showed
there remained un-reacted benzyl groups with small
amounts. Therefore it is necessary to improve efficiency
on reactions by increasing stirring efficiency such as
ultra sonic irradiations without heating [18].

4. CONCLUSION

Using hydroxymethylated lignophenols as reaction
sites for second or more phenol grafting reactions were
carried out. First, successive p-cresol grafting reactions
produced brush type-derivatives, LC2, LC3 and LC4,
with typical characteristic properties of LP such as
thermal plasticity, solubility for solvents, phenolic
properties and switching functionality. Due to high
reactivity, syntheses using p-cresol have not required
reaction supports. Secondly, grafting of alkylphenols
such as 4SBP, 4TMBP and 4PP to HCLC-HM1 using
pulps with freeness100 as vanishing reaction supports
were carried out. Resulting LPs showed properties of
linear type polymers with M,,, thermal plasticities. Using
these synthesis methods with benzyl structures mimic to
the phase-separation system, developments on
lignophenol molecules under precise control to generate
novel functional materials are expected.
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Abstract: In the food industry, it is hoping high value-aided product and the increase in
efficiency of food processing. On the other hand, we get an experimental result that the load of
the shock wave improves an extraction of food, and soften food. We tried to examine the
effectivity of the shock wave as pre-processing for freeze-drying from the result in permeation
character seen in the radish and so on. In the case of freeze-drying , the object tends to be
limited to the small or thin one with size, from the sublimability in processing, the performance
in case of the restoration and the viewpoint of the cost performance ratio. We report the result
that shock wave loading was done to shrimp as pre-processing of freeze-drying .

Key words: Freeze-drying, Pre-processing, Shock loading

1. INTRODUCTION

In the food processing field, static pressure was
mainly used for high pressure processing. For example,
in the case of meat, experiments were carried out very
much by Macfarlane in the 1970's [1]. They reported
about the softening of the meat and the effect of the
improvement of the water-holding by high pressure
processing [2-4]. The following is reported about the
meat fiber: High pressure processing makes the
structure of the meat change and some of the proteins
of that become solubilization. Effect of solubilization of
the proteins proceeds as much as time is long as much
as pressure is high [5-8].

On the other hand, These technique using shock
waves from explosion of explosives or discharge of
high current in water results in new industrial
development as non-thermal food sterilization[9, 10].
Shock waves from explosion of explosives or discharge
of high current in water can get high pressure
comparatively easily though action time is short. When
an underwater shock wave incidents into food and the
structure, it is known to propagate as an incident wave
and a reflected wave. An extraction and the softening of
food are achieved by the incident wave, the reflected
wave, and the difference of impedance in food. Shock
wave processing has the possibility to bring the effect
for which to be different from the pressure processing
by the static pressure.

We tried to examine the effectivity of the shock
wave as pre-processing for freeze-drying from the
result in permeation character seen in the radish and so
on. In the case of freeze-drying, the object tends to be
limited to the small or thin one with size, from the
sublimability ability in processing, the performance in
case of the restoration and the viewpoint of the cost
performance ratio. Therefore, we used comparatively
large beheaded shrimps and attempted to review
the effectivity of the shock wave processing about
being freeze- drying.

2.  EXPERIMENTAL APPARATUS AND
METHOD

The outline of the shock loading experiment
device is shown in Fig.1. The food samples buttled in
polycarbonate vessel and a detonating fuse (Japan
Carlit Co. Ltd., The 2nd kind detonating fuse, principal
ingredient: PENET, loading density: 1200kg/m®, outer
diameter: 5.4mm, detonation velocity: 6308m/s) were

Electric Detonating
detonator fuse Wire

! : ¥
| Food 1
| sample I Wire netting
I \ | container
I d [ I
1 — |

W_ater I Pressure

vessel

Fig.2 Photograph of experimental set up
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Fig.4 Schematic diagram of freeze-drying set up

fixed on the wire netting container (see in Fig.2). The
wire netting container was put in the water-proof
pressure vessel made by steel, and the water-proof
pressure vessel was filled with the water. The initiation
is made by the No.6 electric detonator (Asahi Chemical
Industry Co. Ltd., Japan).

The relation between the pressure value of
underwater shock wave and the distance from the
detonating fuse obtained by the pressure measurement
is shown in Fig.3. The pressure measurement of
underwater shock wave generated by the detonating
fuse was performed at the point’s 30mm, 50mm,
70mm, 165mm, 300mm, 500mm 1000mm and others
from the detonating fuse. The underwater shock wave
generated from the detonating fuse attenuates gradually
while propagating in water.

The shock-loaded specimens were frozen in a
freezer and were set in the vacuum equipment to
process freeze-drying. Freeze-drying process has been
carried out without cold trap to monitor a sublimation
condition by the vacuum pressure at this time. Also, it
implemented freeze-drying processing by the only
vacuum pump without overheating by the heater and so
on to prevent from effect in heat-of-sublimation supply.
The setup of the equipment to have used for freeze-
drying processing is shown in Fig.4. The equipment for
freeze-drying, it is simply composed of vacuum vessel,
vacuum pump and vacuum gauge. The vacuum gauge

300F
o
o c
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2 200F
el C
o N
100F
F Control
o:n||I|||||||||I|||||||||I|||||||||I|||||||||I|||||||||
0 400 800
Time min

Fig.5 Pressure-time histories in the case of shrimp

connected with the PC through the data logger, and
always monitored and recorded a vacuum pressure
during freeze-drying.

RESULTS AND DISCUSSIONS

We divided the scalded beheaded shrimp of 12
tails into four groups; (D 70MPa shock loaded, @
50MPa shock loaded, ®35MPa shock loaded and @
control (un-shock loaded) for comparison respectively,
as shown in Table I and experimented.

Pressure-time histories in the vacuum vessel are
shown in Fig.5. The pressure value reaches to equal or
less than about 600Pa of sublimation conditions within
about 1minute without using a cold trap after the frozen
specimen set in the vacuum vessel. From this result, the
pressure of the specimen to have strong shocked
processing is changing in the high condition and it
shows that sublimation speed is fast. This is one of the
problem which it should review, being detailed in the
future with the possibility that the freeze-drying
operation time can be abridged by the shock wave
processing shown. This leads to the reduction of the
freeze-drying cost.

These shrimps processed freeze-drying were
attempt to reconstitute using boiling hot water with
Iminute. To understand the state of the penetration of
the case, hot water was colored with the food red. The
representative example of each group is shown in Fig.6.
The photograph shows a section of the division into the
two equal parts in central and the section when
quartering more. In case of control (un-shocked), the
reconstitution by hot water is only the surface
neighborhood and reconstitution of core part is nothing.
In the case of 70MPa shocked, reconstitution is
approximately sufficient by hot water, body collapse is
seen, too. In case of shock wave processing of 50 MPa,
reconstitution is sufficient in part from head to center,
but reconstitution of the tail part is not enough. There
are few body collapses. In case of shock wave
processing of 35 MPa, reconstitution is not sufficient
overall, body collapse cannot be seen absolutely. A
restoration result in case of the shrimp is shown in
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Table I Results of shrimp reconstituted by hot water

Shock | Freezed | Dried | Reconstituted | Rehydration | Reconstitution | '\ or2€® of | Average of
condition | mass(g) | mass(g) mass(g) ratio(%) ratio(%) rehyfiratmn Recon.stltutlon
ratio(%) ratio(%)
Control 743 2.50 5.11 52.9 68.8
(Un- 8.25 2.66 447 324 54.2 353 56.8
shocked) 6.34 213 3.00 20.7 47.3
10.56 3.20 9.18 81.3 86.9
70MPa 8.14 2.66 6.64 72.6 81.6 73.9 82.2
10.01 3.17 7.81 67.8 78.0
10.38 3.37 7.33 56.5 70.6
50MPa 8.26 2.66 5.20 454 63.0 474 64.5
9.20 3.00 5.51 40.5 59.9
8.01 246 5.23 499 65.3
35MPa 8.40 2.78 5.86 54.8 69.8 50.6 66.2
8.25 2.56 5.24 471 63.5

el

0, 0 T - B :
(b) 70MPa shock loaded (d) 35MPa shock loaded
Fig.6 Photographs of shrimp after reconstitution by hot water

Table 1. The change of the re-hydration-ratio and re- with the reviewing such as the best value of shock
constitution-ratio by the shock wave processing is shown pressure to each food, the best way to load.
in Fig.7. When attempting to see about the result The SEM photograph of shrimp in the case of un-

including Table I, there is each sample individual shocked (control) is shown in Fig.8. The SEM
difference, too, and its fluctuation is big, too. The result photograph of shrimp in the case of 50MPa shocked is

of re-hydration-ratio and re-constitution-ratio shows that shown in Fig.9. In the case of shrimp, cells are collected,
the restore quality of specimen using hot water improves and it forms like a string. They gather more, and it feels
by shock wave pre-processing, when catching broadly. to be a bundle. We think that the extent of the interval
Means value of re-hydration-ratio and re-constitution- between that organization influences improvement in the
ratio in case of 35MPa shocked is higher than in case of re-hydration and re-constitution ratio. In the case of un-
50MPa shocked. It is thought of as the irregular reflection shocked (control), bundle forms a surface. But, in the
of shock wave in the vessel wall, in addition to individual case of 50MPa shocked, gap like a net is a little seen.

difference of shrimp being big. In the future, we add the
evaluation of the food sense and so on, too, and proceed
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CONCLUSIONS

We tried to examine the effectivity of the shock
wave as pre-processing for freeze-drying using beheaded
shrimp as specimen. The improvement of the sublimation
speed was gotten from the result that the pressure change
during freeze-drying processing and the improvement of

100
O Rehydration ratio
80 B Reconstitution ratio
60
3
40
20

70MPa  50MPa
Shock pressure

35MPa

Control

Fig.7 The improvement of the re-hydration ratio and re-
constitution ratio by the shock wave loading

Fig.8 SEM photograph of shrimp after re-constitution by
hot water in the case of control (un-shocked)

1450 SEI 7

18kV.- X100  100pm

Fig.9 SEM photograph of shrimp after reconstitution by
hot water in the case of 50MPa shocked

the reconstitution was gotten from the result using hot
water. It was expected that the reconstitution of the
freeze-dried food is improved and that a processing time
is abridged, by shock wave loading as pre-processing for
freeze-drying.
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Abstract: We carbonized the wood waste generated in Shimane Prefecture into
humidity-controlling charcoal for use in housing and examined its properties. Though
the moisture adsorption isotherm curve of the wood waste was a reverse S-shaped
sigmoid curve, that of the charcoal produced was an S-shaped sigmoid curve. This

suggests

the possible presence of new mesopores (2-50 nm)

resulting from

carbonization. As the relative humidity increased, the percentage of moisture retained
by the charcoal in the process of moisture adsorption and desorption increased, but the

overall amount slightly decreased.

Key words: humidity-controlling charcoal, wood waste, adsorption, desorption, S-shaped

sigmoid curve

1. INTRODUCTION

In recent years, the rise of a recycling-oriented
society has been promoted in which the
socioeconomic activity structures for mass
production, consumption, and waste are being
fundamentally reviewed. In May 2000, the
Construction Materials Recycling Law was
promulgated, and there were high expectations
for the reuse and recycling of construction and
demolition waste such as concrete, asphalt, and
wood. A survey conducted in 2002 after the law
came into force showed that about 4,640,000 tons
of construction wood waste was generated, of
which about 61% was reused and about 40% was
incinerated or landfilled. A 2005 survey showed
that about 5 million tons of construction wood
waste was generated, of which about 68% was
reused, a slight increase from 2002. When
compared to concrete and asphalt waste, which
are now nearly 100% recycled, further efforts are
needed to increase the reuse rate of wood
waste.['!l In addition, large amounts of
non-construction wood waste such as thinned

wood and transporting wood pallets are generated.

The beneficial use of wood waste is one of the
social issues that need to be solved.
Conventionally, wood waste is chipped for use
as feedstock for particle boards and paper or a
substitute for litter; it is also carbonized into
charcoal to be used as an agricultural soil
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improvement agent. In recent years, there has
been a shift from these types of material
recycling to thermal recycling; large-scale wood
biomass power plants have been built across the
country. However, material recycling has been
given a higher priority and is ranked higher than
thermal cycling. In order to effectively use
natural resources and prevent global warming by
reducing CO, emissions, the importance of
material recycling should be stressed again.

We purchased and chipped some of the wood
waste generated in Shimane Prefecture; we
carbonized all of it into humidity-controlling
charcoal for use in housing and examined its
properties. [?!

2. EXPERIMENT
2.1 Test sample
Wood waste (coniferous

south-sea wood: 60%) generated in Shimane
Prefecture was chipped to prepare the test
samples. The wood waste for the test samples was
carefully selected. Preserved wood waste and
wood with nails, wire or other metals, and
insulator cords were not accepted. Only wood
waste that passed strict selection criteria was
chipped.

The chipped wood waste was dried at 105°C for
24 h (this condition is defined as “absolutely
dried”) and was then placed in a crucible with a

wood: 40%;
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cover. The crucible was placed in an electric
furnace, heated at a heating rate of 10 °C/min
with a controlled air supply, and maintained at
800°C for 30 min to carbonize the wood chips.
Then, it was gradually cooled by introducing
nitrogen gas into the furnace; the crucible was
left to stand to cool.

2.2 Measurement method
2.2.1 Measurement of specific area and pore
distribution

The nitrogen adsorption-desorption isothermal
curve of the charcoal produced at a relative
pressure range of 0.01 to 0.15 was obtained using
a nitrogen adsorption measuring apparatus. The
specific area and pore distribution of the charcoal
were measured by MP-method analysis using the
obtained data.

2.2.2 Moisture adsorption-desorption test
according to JIS A 1470-1

Since there is no established test method to
evaluate the moisture adsorption-desorption
performance of charcoal, the Test Method for
Adsorption and Desorption Efficiency of Building
Materials to Regulate Indoor Humidity (JIS A
1470-1) was modified for the test.

Absolutely dried charcoal or wood waste was
placed in a glass Petri dish and then placed on a
balance in a constant temperature/humidity
chamber to measure the change in weight every 5
min. The temperature inside the chamber was
kept constant at 23°C, and the humidity level was
adjusted to 33%, 53%, 75%, 93%, 75%, 53%, and
back to 33%. Each humidity level was maintained
for 36 h. Each humidity change took place over
30 min.

2.2.3 Moisture adsorption-desorption test using a
saturated salt solution

Weighing bottles containing absolutely dried
charcoal or wood waste were placed in sealed
containers containing ten different saturated salt
solutions (LiCl (RH: 11%), CH:COOK (RH: 22%),
MgCl, (RH: 33%), K,CO; (RH: 43%), Mg(NO;),
(RH: 53%), NH4;NO; (RH: 62%), NaCl (RH: 75%),
(NHy) ,SO,4 (RH: 80%), KNO; (RH: 92%), K,SO,
(RH: 97%)); the weight change was measured
continuously until the weight became constant
with the humidity maintained at 23°C. After
humidity adjustment, the weight of each charcoal
and wood waste sample was measured to
calculate the moisture content.

The weighing bottles containing absolutely
dried charcoal and wood waste were placed in the
sealed containers of the saturated K,SO, solution
until the weight became constant; the bottles were

then moved to the sealed containers of the
saturated LiCl solution to conduct moisture
-desorption test. The same measurement
procedure as in the humidity adsorption test was
used.

3. RESULTS AND DISCUSSION
3.1 Properties of the charcoal

A pyrogenicity test showed that the charcoal
had a fixed carbon content of about 94%, a
volatile content of about 3%, and an ash content
of about 2%.

Nitrogen adsorption measurements showed that
the charcoal had, on average, a specific surface
area of 238.97 m?/g, pore area of 257.70 m?%/g,
and pore volume of 0.105 m?/g; these properties
are nearly twice those of Bincho charcoal (Table
I1). The peak of the pore distribution of the
charcoal was 0.63 nm, which is about 80% of that
of Bincho charcoal (Table 1).

FE(Field Emission)-SEM observation of the
charcoal surface showed granular projections on
the order of a few to a dozen nanometers (Fig.
1(a)); they appeared to be at the end of
microfibrils and crack-like gaps (Fig. 1(b)).

3.2 Moisture adsorption-desorption properties of
the charcoal

The experiment showed that the charcoal can
control moisture by adsorbing or desorbing
moisture according to an increase or decrease in
humidity.

Investigation of the moisture adsorption and
desorption capacity of the charcoal showed about
102.5% in a low relative humidity range (33% &
54%), about 73.6% in a medium relative humidity
range (54% < 75%), and about 58.3% in a high
relative humidity range (75% & 93%) (if the
adsorbed moisture is not desorbed at all: 0%). As
the relative humidity increased, the percentage of
moisture retained by the charcoal in the process
of moisture adsorption and desorption increased,
but the overall amount slightly decreased (Table
).

33 Analysis of the
process of the charcoal

It has been reported that generally, the
adsorption-desorption isothermal curve of wood
is a reverse S-shaped sigmoid curve. In this study,
a similar reverse S-shaped sigmoid curve was
obtained for the wood waste. The adsorption
isotherm curve of the charcoal is an S-shaped
sigmoid curve that, as shown in Fig. 2, is concave,
convex, and steep in the low, high, and medium
relative humidity ranges respectively. This
suggests the possible presence of new mesopores

adsorption-desorption

Table I . Characteristics of the charcoal produced with nitrogen adsorption measurements.

Specific surface area Pore area Pore volume Peak.val.ue Qf
(m%/e) (m¥/g) (m*/g) pore distribution
g g g (nm)
Charcoal produced 238.97 257.70 0.105 0.63
Bincho charcoal 118.49 124.02 0.050 0.78
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Fig. 1. Cross-sectional photograph of the charcoal
produced with FE-SEM observation.

Note: The following two types were observed on
the charcoal surface: (a) granular projections on
the order of a few to a dozen nanometers which
appeared to be at the end of microfibrils (b)
crack-like gaps.
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Relative humidity (%)
Fig. 2. Adsorption-desorption isothermal curves
of charcoal produced and wood waste.
Legende: charcoal produced, o: wood waste ,
moisture content: ((weight of sample under

test)-(absolutely dried weight of sample))
/(weight of sample under test) X 100 (unit: %).

(2-50 nm) resulting from carbonization.

Fig. 3 shows the change in moisture content in
the adsorption-desorption process. The figure
shows that the adsorption-desorption process is a
typical logistic function curve. In order to
quantitatively compare the adsorption-desorption
process, the parameters characterizing the process
were determined as follows.

Transactions of the Materials Research Society of Japan

34[4]699-702 (2009)

2 Adsorption
O @]
20 t @
e 000 ©
15+ o ©
[ ]
10 r O
L J¢)
s 880
k=
g 8
5 0088
% Desorption
S F )
S 20 QQ
e
15 | i
[ ]
O
10 | °
O
® (]
5 o o
0 . . . .
0 2 4 6 8 10
In[t]

Fig. 3. Changes during the adsorption-desorption
process of the charcoal produced.

Legende and o: See the legend in Fig . 2, ¢: time
which passed from the test start (unit: hour).

The adsorption process is the adsorption of the
adsorbate on the surface of the adsorbent. The
adsorption rate is high in the beginning, decreases
gradually, and then levels off. If the adsorption
process is represented by a moisture content-time
(In[?]) curve, the curve is similar to the logistic
function. Here ¢ is time which passed from the
test start. For the same reason, the desorption
process is expected to be similar to the logistic
function. In this study, an attempt was made to
characterize the adsorption process via logistic
function regression for comparison.

The logistic function is a function described as
a solution to the following differential equation,
which is a typical nonlinear differential equation:

dy a
D_a - (1)
570

The solution of equation (1) is given by the
following equation:

b
= 1+ cexp[—ax]

(2)
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This equation is well known as describing
self-catalytic processes such as growth and
demand curves. Equation (2) can be expressed as
1/y = (1/b) + (c/b) - exp[-ax]; therefore, the
constants a, b and c¢ can relatively easily be
determined. From the above equation, the three
constants are obtained as  characteristic
parameters. In equations (1) and (2), & is the
level-off value (equilibrium moisture content) of
the function, ab is the fraction of the adsorption
site, ab/4 is the maximum adsorption rate, and In
[c)/a is the time of the maximum adsorption rate.
The adsorption characteristics can be determined
by these values.

It should be noted that these parameters do not
correspond directly to physical characteristics but
describe the characteristics of change. They

describe the trend of change and do not
necessarily correspond directly to structural or
physical factors. The correspondence between the
parameters and structural or physical factors
remains to be clarified.

The logistic function regression curve obtained
from Fig. 3 was normalized by the level-off value
to calculate the parameters (Table II). As a
result, it was shown that in the adsorption process,
the carbonization of wood waste increases the
fraction of the adsorption site and maximum
adsorption rate and decreases the time of the
maximum adsorption rate; in the desorption
process, the fraction of the desorption site and
maximum desorption rate decrease and the time
of the maximum desorption rate increases
compared to the wood waste.

Table II. Moisture adsorption and desorption capacity of the charcoal under various relative humidity

ranges.
Charcoal produced Wood waste
RHR AA (mg/g) | DA (mg/g) | MADC (%) | AA (mg/g) | DA (mg/g) | MADC (%)
3354% 60.0 61.5 102.5 24.2 16.6 68.6
5475% 29.2 21.5 73.6 37.7 43.4 115.1
75<93% 13.9 8.1 58.3 56.3 33.6 59.7

Legend: RHR: Relative humidity ranges, AA: Adsorption amount, DA: desorption amount, MADC:

Moisture adsorption and desorption capacity.

Note: Moisture adsorption and desorption capacity; (Desorption amount) / (Adsorption amount) x100.

Table III. Characteristics of the adsorption and desorption of the charcoal produced.

Charcoal produced Wood waste Ratio
AP DP AP DP AP DP
| ab | 0.259 0.192 0.207 0.226 1.251 0.850
[ ab/4 ]| 0.065 0.048 0.052 0.056 1.250 0.857
[ In[c]/a] 3.362 4.769 3.845 4.205 0.874 1.134

Legend: Ratio: (Charcoal produced),” (Wood waste), AP: Adsorption process, DP: Desorption process

Note:

ab | : fraction of the adsorption (or desorption) site, |ab/4 | : maximum adsorption (or desorption)

rate, | In[c]/a | : time of the maximum adsorption (or desorption) rate.

4. CONCLUSION

We carbonized the wood waste generated in
Shimane Prefecture into humidity-controlling
charcoal for use in housing and examined its
properties.

The results
follows.

1. Charcoal produced had, on average, a
specific surface area of 238.97 m?/g, pore area of
257.70 m*/g, pore volume of 0.105 m*/g and the
peak of the pore distribution of the charcoal was
0.63 nm with nitrogen adsorption measurements.

2. There were two types on the charcoal
surface with the FE-SEM observation; one was
granular projections on the order of a few to a
dozen nanometers which appeared to be at the end
of microfibrils and the other crack-like gaps.

3. Investigation of the moisture adsorption and
desorption capacity of the charcoal showed about
102.5% in a low relative humidity range, about
73.6% in a medium relative humidity range, and
about 58.3% in a high relative humidity range (if
the adsorbed moisture is not desorbed at all: 0%).

obtained were summarized as

4. The adsorption isotherm curve of the
charcoal produced was an S-shaped sigmoid
curve.

5. In the adsorption (or desorption) process, the
carbonization of wood waste increased (or
decreased) the fraction of the adsorption site and
maximum adsorption rate and decreased (or
increased) the time of the maximum adsorption
rate compared to the wood waste.
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As a replacement for oil burning boilers used for out-of-season culture in greenhouse, we
have developed a new-type greenhouse heating apparatus using woody biomass, which is
lumber from thinning, since 2002. The result of this research will be reported in this paper.
We have obtained a basic patent on the heating apparatus in 2007 (patent no. 4048488:

application in 2003).

Key words: Woody Biomass, Tree,Pyrolysis, Smokeless, Boiler

1.Introduction

Consuming vast amounts of fossil fuel results in
emissions of carbon dioxide gas originating from
underground resources into the atmosphere, which
induces serious global warming. This situation requires
people to end their excessive reliance on underground
energy resources and to move toward using
environmentally compatible energy resources. According
to a report on climate change, issued by
Intergovernmental Panel on Climate Change of United
Nations, the average atmospheric temperature on the
Earth will rise from 1.4°C to 5.8°C during the period
from 1990 to 2100. This atmospheric temperature rise
may induce water shortages, droughts, and forest fires in
Southern Europe, as well as the receding of glaciers in
the Alps. Furthermore, central Europe has a large
possibility of suffering from floods and thermal waves.
Emissions of CO, caused by the combustion of fossil
fuels are pointed to as a cause of the above phenomena.
The concentration of CO, in the atmosphere is predicted
to continue increasing from 280 ppm in 1750, thus
reaching a maximum level of as high as 250%." Corn
and other crops, which are plant biomass (food), have
become candidates as starting materials for producing
ethanol, which is a substitute for underground resources.
The use of corn and other crops, however, is expected to
induce a new and worldwide food crisis.

The recent price increases of crude oil have had
significant and widespread effects in Japan, which is an
oil-dependent country. Agriculture is no exception and
faces serious impacts. Specifically, some farms engaging
in greenhouse cultivation are changing crops or are
abandoning cultivation because it is not profitable due to
price increases of boiler fuel used for providing heat in
off-season cultivation. The situation of forestry is also
severe as it faces a slump in lumber prices.

Against the background of above social situation,
studies are underway to develop a mobile smokeless
carbonization apparatus that applies the buried firewood
method® which was once used on silkworm-breeding
farms and other farms for heating. The apparatus is
composed of a drum and uses woody biomass as fuel.
This paper describes observation results for the
equipment in terms of temperature change of generated
heat, nature and quantity of gas generated, and also
technological ~ development aiming at practical
applications.

2.Experimental method
2-1. Preliminary experimental apparatus using a pail
can

A preliminary experiment using the smokeless
combustion apparatus adopted a pail can. The inner wall
surface of the apparatus was lined with ceramic wool
(high-temperature fire-resistant insulation fiber ACE
FIGHT CS, density 100 kg/rn3, thickness 50 mm, and
width 600 mm, manufactured by Shinnikka Thermal
Ceramics Corporation). The bottom of the apparatus was
covered with refractory to a depth of 6 cm. Above the
refractory, a grate was formed using a wire mesh with a
5-mm mesh opening.

2-2. Smokeless carbonization apparatus using a drum

Similar to the pail can, the drum smokeless
carbonization apparatus was prepared by forming a 6-cm
thick refractory on the bottom of a drum to support a
grate, laying a wire mesh with a mesh opening of 5 mm,
and covering the bottom and the inner periphery with
ceramic wool. The same wire mesh was laid inside the
peripheral ceramic wool.”

2-3. Fabrication of gas exchanger

A gas exchanger was fabricated above the drum to
prevent gas from leaking outside. The outer frame of the
gas exchanger was securely attached to the opening of
the drum, while locating an inner frame inside the outer
frame, and the inner frame was positioned above the
ceramic wool inside the drum.® One liter of catalyst bed
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(NM-103, manufactured by N.E.CHEMCAT CO., LTD.)
was placed at the center of the flue. It was speculated
that carbon monoxide gas generated by thermal
decomposition in the drum would rise by convection
through the catalyst bed where it would be converted
into carbon dioxide. Eight pipes were attached to the air
inlet (20 mm x 60 mm) of the gas sampler at a
downward angle, and a flue (inner diameter of 100 mm
and height of 150 mm) was mounted. In addition, two
peepholes (50 mm x 20 mm square) for observing
internal conditions were opened. The catalyst-supplying
unit connected to the top lid had an inner diameter of
100 mm, which allowed catalyst pellets of 125 mm by
150 mm to be supplied, and a punched metal having
2-mm holes was welded to the lower section of the
catalyst-supplying unit. The top lid, also made of the
same punched metal, was placed at the top of the
catalyst-supplying unit. A detachable roof shaped like a
cylinder and cone was placed above the top lid to allow
catalyst to be replaced. With a structure whereby the gas
exchanger can be disassembled into three pieces, catalyst
replacement and measurement could by readily executed.
The photo-catalyst, spray-type photo-catalyst
phosphorus coating (manufactured by Tokai Kiki Kogyo,
Inc.), was applied on the glass wool, which was then
attached to the tip of the air supply duct. ”

2-4. Method and apparatus for measuring C,Hy gas

The C,H; gas concentration was determined by
sucking in air in the greenhouse using a syringe, and
sealing the syringe. The gas was analyzed later using a
SHIMADZU gas chromatograph (GC-9A, manufactured
by Shimadzu Corporation).

2-5. Fabrication of gas exchanger equipped with fan

Because thermal convection alone cannot increase the
efficiency of oxidation of the catalyst, an air supply duct
equipped with a fan was fabricated for the gas exchanger.
A stainless steel cylinder (123.0 mm in diameter, 1.0 mm
in thickness, and 200.0 mm in length) was welded to the
side of the catalyst-supplying section, and a fan was
mounted in the cylinder. 8

2-6. Attaching fan controller

A fan controller was attached” to investigate
temperature changes generated when changing the fan’s
rotational speed to induce variations of the thermal
decomposition rate. The fan cylinder of the gas
exchanger was designed to allow the fan to be mounted
to/dismounted from inside the cylinder using the flue. A
VIZO window storm 8 cm fan (VZ-WS8038,
manufactured by Vizo Technology, Corp.) was mounted
on the fan base plate, which was slid into the chimney,
and then was bolted in place. A round PVC-sheathed
cable (VCIF) was used to connect the fan to the power
source, and a fan controller (ZM-MFCI1PLUS,
manufactured by Selling Co., Ltd.) was mounted. The
power source of the fan controller was the power source
of the computer.

2-7. Measuring devices
2-7-1.CO and CO, gas measuring devices

Gas sampling was done with a Kitagawa gas sampler
AP-20 (manufactured by Komyo Rikagaku Kogyo K.K.)

Qualitative gas detection was done with LOT No.
017052 (Kitagawa gas detection tube for qualitative
organic gas detection). The gas detection tubes applied
were made by Gastec Corporation, No.2L and No.2LC
for CO,, and No.1L and No.1La for CO. The CO tester
applied was the testo330-2 manufactured by Testo Inc.,
and the CO, tester was the testo535 manufactured by
Testo Inc.

2-7-2. Temperature measuring devices

Progressive temperatures inside the drum were
determined using three high-temperature thermocouples,
at the center of the drum, inside the gas exchanger, and
outside the fan. Data were recorded at 10-min intervals
using a data logging system NR1000 (manufactured by
Keyence).

2-7-3. Wood moisture meter and combustion material

The water content of the combustion material was
measured using a wood moisture meter (turku H, keet).
The combustion material applied was 29.8 kg of
Japanese cedar logs, with 8.1% average water content.
The gaps between logs were filled with 9.5 kg of
pulverized coal, and more pulverized coal was laid over
the combustion material to a depth of 3 cm. On the
pulverized coal layer was placed 2.1 kg of charcoal,
which was then ignited.

3.Results and Consideration
3-1. Preliminary experiment using pail can

For the experiment using a pail can, the combustion
material was successfully treated by high-temperature
thermal decomposition in a smokeless state for about 10
continuous days.

3-2. Smokeless carbonization experiment using a drum

Maximum internal temperature of the mobile
smokeless carbonization apparatus using a drum
recorded was 624°C. Heat generation free from smoke
was observed for a long period of 43 days from Feb. 15
to Mar. 29.

3-3. Gas determination using a gas exchanger

According to the measurement results for qualitative
organic gas detection, CO, CO,, and C,H, gases were
detected, (Fig. 1). Inside the flue, a CO concentration as
high as 8,000 ppm was recorded immediately after
ignition. After that, however, the CO concentration
rapidly decreased to 1,612 ppm after two days. The CO
concentration gradually decreased to a level of about 600
ppm. After 23 days from ignition, the CO concentration
increased to 1,186 ppm, and stayed at around 600 ppm
afterward.

On the other hand, the CO concentration after the gas
passed through the catalyst bed increased after ignition,
then decreased abruptly two days later. On the 6th day,
the CO concentration increased to 130 ppm. However,
the CO concentration on the next day decreased to 61
ppm, and then stayed at 35 ppm or less afterward.
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gas exchanger

Regarding CO concentration after gas passed through
the catalyst bed, a gradual decrease occurred from 79
ppm, and the CO concentration showed an increase to 85
ppm on the 6™ day, and then fell to 55 ppm or less. In the
initial state of a high CO concentration, the level was
less than half of that after passing through the catalyst
bed. However, at the 6th day or later after ignition, the
CO concentration gave a higher value than that after
passing through the catalyst bed. Nevertheless, the
maximum level was 85 ppm, and no higher level was
observed.

In the wverification experiment for the CO
concentration using 1 liter of NM-103 catalyst in the gas
exchanger, when the CO concentration after the gas
passed through the catalyst bed, was compared to that
before the gas passing through the catalyst bed, the
values during the period of six days after ignition
fluctuated in the range from 1.3% to 13.9%. After that,
however, the CO concentration stayed at 10% or less.
The experimental results suggest that the CO
concentration can be further decreased by increasing the
quantity of catalyst and by supplying oxygen or another
gas to enhance oxidation.

3-4. C,H, gas concentration

The C,H4 gas concentration was centered at 0.005
ppm, with a maximum of 0.0102 ppm. According to
Abeles (1973)'%, the 1/2 maximal concentration of C,H,
affecting plant growth is 0.1 ppm in many cases.
However, as shown in Fig. 2, the measurements showed
that the C,H4 gas concentration was centered at 0.005
ppm, with a maximum of 0.0102 ppm. Consequently, it
is speculated that the quantity of C,H, generated when
the smokeless carbonization apparatus is placed does not
affect plants in a greenhouse.
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Fig. 2 Quantity of ethylene generated in buried
firewood
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3-5.Combustion experiment with gas exchanger
equipped with fan

In the experiment with a drum using a gas exchanger
equipped with a fan, the temperature also increased
abruptly immediately after ignition and after starting the
fan. However, when the fan was stopped, the
temperature rapidly decreased, and then increased again.
During the period of 15 hours from stopping the fan, the
temperature increased similar to the case of the can.
When the fan was started again, the temperature
increased rapidly, and reached 1,192°C within about
eight hours. The temperature of the can during that
period was about 450°C. In the can, thermal
decomposition continued for about 12 days. For the
buried firewood can equipped with a fan, however,
thermal decomposition was completed within about
three days, although the fan was stopped once.

The experiment showed that, in the buried firewood
can, smokeless thermal decomposition proceeds when
air is sucked from beneath the grate. Thus, the
temperature rises. It was also confirmed that 18 kg of
logs can  continue  high-temperature  thermal
decomposition at 800°C or above for about 41 hours free
from smoke. The apparatus was confirmed to be a
heat-generating apparatus that is fully applicable as a
wooden biomass boiler, substituting for existed fossil
fuel boilers. It was confirmed that the smokeless heat
generation apparatus has a large possibility of being
applied as a greenhouse heating apparatus.

3-6. Combustion experiment using a fan controller

In the fan controller control experiment, (Fig. 3), the
rotational speed of the fan was changed by the controller
from 50% to 100% at 14:13, and was changed to 50% at
40 min. after that. The temperature outside the fan
decreased from 90.1°C to 78.6°C, or more than 11°C,
within 10 min. After that, the temperature gradually
decreased, and the reduction range became 18°C or more
after 70 min.

The rotational speed of the fan was then changed by
the controller from half to full at 18:20. The temperature
increased from 72.3°C to 83.3°C, or by more than 10°C,
within 10 min. In both cases, when the rotational speed
of the fan was increased by the controller, the
temperature increased immediately, and when the
rotational speed of the fan was decreased, the
temperature decreased. This phenomenon suggests that
temperature control by the controller is fully
applicable.

Temperature

(e}
100 4 Adjustment rate of controller 8 ‘_‘g_‘
orse seeseesee 100 g g
= %0 = =g
[} =B

a
= % g
2w =
= =
g jo B
g 0f e
@ )

60 L 20
13:20 15:20 17:20 19:20
Time

Fig. 3 Adjustment rate of controller and
temperature change (2008)
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Bending Creep of Sugi Glulam with Low Young’s Modulus Laminae for the Inner Layer

Shiro Aratake, Akihiro Matsumoto, Hideki Morita and Takanori Arima *

Miyazaki Prefectural Wood Utilization Research Center, 21-2 Hanaguri Miyakonojo-shi, Miyazaki, 885-0037, Japan,
Fax: +81-986-46-6047, e-mail: aratake-shiro@pref:miyazaki.lgjp

Bending creep tests for sugi (Cryptomeria japonica D.Don) glulam with extremely low Young's modulus
laminae (3-4GPa) for the inner layer, along with the tests for hybrid glulam with the Douglas-fir (Pseudotsuga
menziesii Franco) laminae (14-15GPa) for the outermost layer and the sugi laminae including 3-4GPa laminae
for the inner layer, have been carried out since October, 2005. For the test, eight different composition glulam
beams with the dimensions of 105mm in width, 210mm in depth and 3980mm in length were prepared. The
results are summarized as follows. (1)There was no big difference between the Young’s modulus or bending
creep of glulam with L30 (Laminae with 3-4GPa Young's modulus) for the inner layers and that of glulam
with L50 (Laminae with 5-6GPa Young's modulus) for the inner layers regardless of the glulam types.
(2)Hybrid glulam with sugi laminae for the inner layers and the Douglas-fir laminae for the outermost layers
showed higher Young’s modulus and lower creep deflection than the glulam composed of only sugi laminae.
However there was no big difference between their relative creep in 50 years, showing the values of
approximately “2”. (3)The relation between the change of humidity and that of creep deflection was not clear
for the symmetry composite glulam, while it was very clear for the asymmetry one.

Key words: creep, sugi, glulam, mechano-sorptive deflection, Young’s modulus

1. INTRODUCTION extremely low Young’s modulus laminae (3-5GPa) as
Glulam used in Japan is mainly applied as columns inner members of glulam. The agency accepted the
and beams for Japanese conventional construction researcher’s argument and amended the JAS for
today, while it was used as a structural material for glulam to reflect the new findings recently. However,
large-scale buildings. However, 90% or more of the the next stage of research mandates long-term
glulam is composed of imported species of wood [1] performance tests to determine where and how the
, and the ratio of domestic wood used in Glulam is glulam may be used.
very low under the present conditions. Unfortunately, Therefore, we have been conducting bending creep
this was caused by the Japanese Agricultural tests for sugi glulam with extremely low Young's
Standards (JAS) of glulam that set the guidelines for modulus laminae for the inner layer, along with the
the glulam based on the strength ratios of steel used in tests for hybrid composite glulam with the Douglas-fir
large-scale construction. In order to compete and (Pseudotsuga menziesii Franco) laminae for the
perform to the same standards of steel, it was outermost layer and the sugi laminae for the inner
imperative to develop standards for glulam. Therefore, layer since October, 2005. As this study is still
creating higher strength glulam was the top priority ongoing, our report will focus on the tendencies of
when JAS was enacted [2] . bending creep until October, 2008, along with the
To solve this dilemma, Japanese researchers comparison of Young's modulus by the lamina’s
carried out joint research to ascertain that domestic composition carried out in advance.
glulam, focusing on using Japanese ceader or known
locally as “sugi”, has ability to be used as glulam via 2. MATERIALS AND METHODS
the data gleaned from this research [3] . One part of 2.1 Specimens
this research was to create sugi glulam with extremely For the test, 8 different composition glulam beams
low Young's modulus laminae (3-5GPa) used in the with the dimensions of 105mm in width, 210mm in
inner layer. In fact, sugi with relatively low Young's depth and 3980mm in length, were prepared (See
modulus has been increasing especially in southern Fig.1). Here, 6 of them are composed of only sugi
Japan because of its mild and humid climate, so we laminae, whereas the other 2 beams are hybrid
needed to find out the place where this kind of sugi glulam composed of sugi laminae for the inner layers
can be effectively used. Data was taken and its and the Douglas-fir laminae with the Young's modulus
mechanical properties were recorded [4-5] . Armed of 14-15Gpa (L140) for the outermost layers. In this
with this new data, the researchers petitioned the case, 2 out of 6 sugi glulam beams and 2 hybrid
Forestry Agency to amend the JAS to include glulam beams are symmetric composition with L50 or
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L30 as inner laminae. We call them “Sugi L50”, “Sugi
L30”, “Hybrid L50” and “Hybrid L30” here.
Remaining 4 out of 6 sugi glulam beams are
asymmetry with also L50 or L30 as inner laminae. We
call the ones with L50 “Sugi LH-L50”, “Sugi
HL-L50” and the other ones with L30 “Sugi LH-L30”,
“Sugi HL-L30” here. At the same time, these
asymmetric beams are also classified into 2 groups by
loading directions like “Sugi LH-L30”, “Sugi
LH-L50” (loaded from the side of lower Young's
modulus) and “Sugi HL-L30”, “Sugi HL-L50” (loaded
from the side of higher Young's modulus) as shown in
Fig.1. The properties of each glulam are shown in
Table 1.

Sugi L50 Sugi L30  Sugi LH-L50 Sugi HL-L50
80 -‘h L50 iE-

L60 L60 150 L60
150 L30 150 150
150 L30 150 150
150 L30 150 150 Loading
160 160 160 150

30 L50 d'"im"

Sugi LH-L30 Sugi HL-L30 Hybrid L30  Hybrid L50

L50 L60 L60 L60
130 130 130 150
L30 L30 L30 150
130 130 130 150
160 150 160 160
80 L50

Fig.1. Cross section of glulam with different grade of

laminae.
3 The thickness of laminae: 30mm, Species: L140: Douglas-fir,
The others: sugi, Dimensions of glulam: 105Wx210Hx3980L
(mm), Adhesive: Resorcinol resin.

Table 1. Properties of glulam.

—__ .. |Density[ MOE MC
Classification | Composition (glem®)| (GPa) (%)
Sugi L50 Symmetry | 0.463 7.10 14.3
Sugi L30 Symmetry | 0.409 6.83 16.3
Sugi LH-L50 | Asymmetry | 0.446 5.22 9.8
Sugi HL-L50 [ Asymmetry | 0.415 5.34 17.0
Sugi LH-L30 | Asymmetry [ 0.421 5.45 12.3
Sugi HL-L30 | Asymmetry [ 0.431 5.36 10.5
Hybrid L30 Symmetry | 0.448 10.8 14.8
Hybrid L50 Symmetry | 0.447 10.6 16.0

2 MOE: Young's modulus in bending, MC: Moisture content
measured by radio-frequency type moisture meter.

2.2 Bending creep test

Bending creep test has been conducted under 4
point loading conditions with the span lengths of
3655mm, the share span length of 1260mm, and the
load span length of 1135mm for about 3 years. In this
case, applied load was calculated supposing second
floor of two-story general wooden house. Concretely,
the load per area was considered as 190kgf/cm? (dead
load 60kgf/cm®+ live load 130kgf/cm?), then the total
load 695kgf was calculated. This calculation method
is based on the Building Standards Law in Japan.

The displacement has been measured via a data

logger and displacement transducers (stroke: 50mm)
set up at a center, near load points, and fulcrums on
the beams at 24-hour intervals. Along with this
measurement, temperature and humidity has been
measured at the same intervals.

Before the creep test above, effects of composition
of laminae and loading direction on Young’s modulus
were examined in order to clarify the difference of
short-term deformation by composition of laminae
using the same span condition as the creep test.

3. RESULTS AND DISCUSSIONS
3.1 Effects of composition of laminae and loading
direction on bending Young’s modulus

Fig.2 shows relationships between the bending
Young's modulus when the glulam was loaded from
the side of lower Young’s modulus (MOE-LH) and
the side of higher Young’s modulus (MOE-HL). Here,
the data of symmetric composition (Sugi L30, L50
and Hybrid L30, L50) is also plotted to compare with
those data.

According to Fig.2, there is almost no difference
between the value of MOE-LH and MOE-HL
regardless of the loading directions for the asymmetric
glulam or the composition of laminae (symmetry or
asymmetry). This result shows that there is no need to
consider loading directions to the layer directions of
laminae when glulam is installed as a member of
constructions at least in terms of short-term

conditions.
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| | | |
| | | |
12 + | | | ‘
< | | | |
© 150 150
o | | | | L50 E,so
(6] 9 | | | | L50 L30
= | | 1 | L50 30
T ! ! ‘ ‘ oo oo
Fogl o gPTesano || el
W : ] O Sugi L30 MOE-LH
% ‘ ‘ A Sugi LH(HL)-L50
3 +F---- + — —| ASugi LHHL)-L30 H E E!m
| | M Hybrid L50 I[gg \:gg
| | i L50 L30
0 . . OHybrid L30 L5g jg
L5 L5
] =
0 3 6 9 12 15

MOE-HL (GPa)

Fig.2. Relationships between the Young’s modulus
loaded from the side of lower Young's modulus
laminae (MOE-LH ) and the one loaded from
the side of higher Young's modulus laminae
(MOE- HL).

¥ OAD: Glulam used L30 for the Inner Layer,
@ A N: Glulam used L50 for the Inner Layer.

¥ Data of symmetrical glulam (@ O M) is also shown
for a comparison.

Fig.3 shows relationships between MOE-LH and
Young's modulus obtained by longitudinal vibration
(Et). According to this figure, there is almost no
difference between the values of MOE-LH and Et for
asymmetric glulam (Sugi LH-L50, L30). However, the
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tendency which shows MOE-LH> Et can slightly be
recognized for Sugi L50, L30. Furthermore, this
tendency becomes conspicuous for Hybrid L50, L30.
In this case, MOEs between the glulam with L30 and
L50 for the inner layers are very close to each other as
shown in this figure (Fig.3), along with Table 1 and
Fig. 2.

These results show that the bending Young's
modulus of glulam hardly depends on that of inner
layer laminae, whereas greatly depends on that of
outermost layer laminae.

15 T T T T
| | | |
| | | |
12 b---t-o-- L
i | 7
| | |
;_(6 | | | |
I S
5_5,9 | | | |
RS ‘ @ Sugi 50
~ |
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% | ' A Sugi LH-L50
| | A Sugi LH-L30
3 7777‘7777:7777 M Hybrid L50
| | O Hybrid L30
0 | | | |

0 3 6 9 12 15

Fig.3. Relationships between MOE-LH
and theYoung’s modulus obtained
by longitudinal vibration (E t).

3.2 Effects of composition of laminae and loading
direction on bending creep

Fig.4 shows the changes of deflections with loading
time. According to this figure, deflections are in order
of sugi asymmetric composition, the highest value at
the moment, followed by sugi symmetric composition
and hybrid one, showing the clear difference from
each other. These tendencies seem to make sense,
considering the composition of lamina’s Young's
modulus of each glulam.

Fig.5 shows the changes of relative creep with
loading time. Unlike the case of deflections in Fig.4,
there is no big difference among the 8 conditions,
while the tendency of Sugi L30 is little more stable
than others. In both Fig.4 and Fig.5, deflections and
relative creep between the glulam with L30 and L50
for the inner layer are not different from each other
like the case of MOEs shown in Fig.2.

Incidentally, the right figure in Fig.5 shows that the
tendency of increase and decrease between Sugi
LH-L50, L30 and Sugi HL-L50, L30 is totally
opposite from each other. Namely, the creep recovery
and increase in the case of sugi LH-L50, L30 almost
correspond to the humidity increase and decrease,
while totally opposite behavior is shown in the case of
Sugi HL-L50, L30 as shown in Fig 6. Although the
cause for these tendencies is not clear at the moment,

Deflection (mm)
>

Relative creep

Ranges of diflection changes a day (mm)

it seems that the response of deflection to humidity
changes was influenced by lamina’s composition,
especially the properties of outermost laminae.

These results show that there is no problem to use
laminae with extremely low Young's modulus, like
L30, as inner layer laminae for not only short-term
conditions but also long-term ones, and also shows
that the relation between lamina’s composition and
loading direction should be considered when
asymmetric glulam is practically used as a beam.
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Fig.4. Changes of deflection with loading time.
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Fig.5. Changes of relative creep with loading time.
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Fig.6. Relationships between ranges of diflection
changes and that of humidity changes a day.

3.3 Estimation of bending creep

Fig.7. shows the comparisons between measured
creep deflections (black thick lines) and creep
deflections calculated by following power law [3.(f)]
at the measuring term of 3 months (gray thick lines)
and that of 3 years (black thin lines).
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Fig.7. Comparisons between measured creep deflections and creep deflections calculated by power law

at the measuring terms of 3 months and 3 years.

X mmmm : Measured value

= : Calculated value by power law at the measuring term of 3 months
—— : Calculated value by power law at the measuring term of 3 years

d=At" (1]

Here, the constants (4 and N) were obtained from
the curves from the beginning to each measuring term
(3 months or 3 years).

As shown in this figure, it is hard to estimate creep
curves by the short-term measurement (3 months),
especially in the case of asymmetric glulam shown in
the right 4 figures. On the other hand, relatively
accurate estimated curves are obtained in the case of
the long-term measurement (3 years) regardless of the
condition. This result shows that a required
experimental term should be cleared to estimate creep
curve as efficiently and accurately as possible.

Fig.8 shows the relative creep in 50 years (d5¢/0¢)
calculated by equation [2] based on the power law at
several measuring terms (1, 3, 6, 9months, 1, 2, 3
years).

85/80 = 1+ar™ [2]

Here, 6, is initial deflection, s, is deflection in 50

years, and a is A/d, the ratio of creep deflection in 1
s Symmetry

day to initial deflection.
Asymmetry
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Fig.8. Relative creep in 50 years (0 50/ () calculated

by power law at several measuring terms.
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As shown in Fig.8., 85¢/0, becomes rather stable
when the measuring terms are longer than 1 year for
the symmetric composition and 2 years for the
asymmetric one, showing the values of approximately
“2”, which is the standard value set by the Notification
No.1459 of the Ministry of Construction in Japan.
This result shows that the required experimental term
is longer than 1 or 2 years to obtain a reliable
estimated value of 65y/0, when this method is taken.

Incidentally, 850/3¢s between the glulam with L30
and L50 for the inner layers are not different from
each other like in the case of MOE (See Fig.3).

4. CONCLUSION

The following results were obtained in this test.
(1)Considering the bending performance, there is
practically no problem to use laminae with extremely
low Young’s modulus (3-4GPa) for the inner layers
regardless of the glulam types. (2)The experimental
term should be at least 1 or 2 years to estimate an
accurate creep curve when power law is applied.
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Recent increases of allergenic diseases are tremendous. Multiple chemical ingredients may possibly be the allergens or
deteriorants. We chose the daily used products mainly applied on the skin. This paper shows the safe and proper application

of Hinokithiol as for the antiseptics and preservatives.

Hinokithiol (synthetic one, and natural one derived from Aomori-Hiba dissolved in alcohol and Tween, whose concentrations
were 0.1%, 0.05%, 0.005%) were patch-tested on 15 healthy adults. Stimulation Indices (SI) were analyzed both after 48
hours and 72 hours. Synthetic Hinokithiol showed the mean SI 11.6 after 48 hours and 4.5 after 72 hours. Natural Hinokithiol
dissolved in alcohol showed SI 6.6 after 48 hours and 2.2 after 72 hours. SI by Hinokithiol dissolved in Tween showed 0. For
the daily use of products applied on the skin, natural ingredients rather than artificial (synthetic) ones are safer for the skin,

especially for allergic patients.

Key word: Allergy, Ecology, Daily use products, Hinokithiol

1. INTRODUCTION

Allergy-strange disease has been increasing
tremendously recently [1]. Conventional evaluation
and management could show the limit of
management. Therefore we introduced new ideas of
understanding the allergy, from the standpoint of
ecology [2].

Major allergy were 1. Bronchial asthma 2.
Allergic rhinitis and 3. Atopic dermatitis.

Major allergens were determined, and
elimination is the first procedure as well as
immunotherapy and medications. But recently,
allergic skin or atopic dermatitis were increasing and
some cases were difficult to treat.

Allergens such as inhalants (house dust mite,
pollens, or molds) and foods were managed well [3,
4, 5] but we thought there might be some other
factors which cause the worsening and deterioration
for body surface (=skin).

Therefore we compared the products for daily
use on the skin; shampoo, rinse, detergents, soap,
cosmetics and house dust mite (Dermatophagoides
pteronissinus: D. P.) by patch tests. Many chemical
ingredients were used which were derived from
chemical oil. We happened to know the products
from Aomori-Hiba derived Hinokithiol. Which has
been coming to be used widely. Therefore we
compared the products to show whether it’s safer and
applicable for the allergic patients.

2. EXPERIMENTAL METHOD
2.1 Method for Patch Test

Patch tests were done using Finn-chamber.
0.03ml of materials were applied on the skin, sealed
and after 48 hours and 72 hours reactions were scored
by International Contact Dermatitis Research Group
(ICDRG) criteria, and SI are calculated.

2.2 Cellular antigen stimulation Test (CAST)

CAST analyses were done using food additives.
Peripheral blood was drawn and mononuclear cells
were separated. Monosodium glutamate 10, 10°, 104,
10° (ug/ml), Na-anhydrate 10, 10%, 10°ug/ml,
Tartrazine 10, 10%, 10°ug/ml were added for cell
suspension. After 48 hours incubation, Leukotrienes
C4, D4, E; were measured and SI were calculated,
compared to control stimulation.

3. RESULTS
3.1 Comparison of Daily use products

Table 1 shows the results. They showed that
shampoo 60%, detergent 56.2% and soap 44.0%
positive. Major inhalant allergen, HD mite (D. P.)
was 9.5%, which means shampoo, rinse and soap are
more affecting rather than major inhalant allergen.

m
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Table 1 Patch Test of Daily use products

3+ 2+ 1+ + 0 No.ofcases %
positive

Shampoo 5 10 3 4 8 18/30 60.0
Rinse 2 1 1 0 11 5/15 333
Detergent

for dishes 0 7 2 2 11 9/22 40.8

for clothing 2 6 1 5 2 9/16 56.2
Soap 1 10 0 7 7 11/25 44.0
Cosmetics 1 5 1 5 3 27/44 15.9
Others

house dust 0 1 0 2 12 1712 0.8
Mite (D.P) 0 2 0 2 17 2/21 9.5

3.2 Comparison of Baby shampoos

The baby shampoos for which pediatricians or
dermatologists recommend, and two kinds of herbal
shampoos were patch tested. Table 2 shows shampoo
E shows less SI after 72 hours. Where is the
difference? If one looks at the ingredients, there is the
answer. Baby shampoos contain much surfactants,
preservatives, coloring and perfume. Herbal shampoo
F contains mostly the same. But Herbal shampoo E
contains surfactant 1.35% - about 1/10 of usual one.
And ingredients come from herbs, coconut oils—all
from vegetative origin and Hinokithiol. Therefore we
recommend this for the patients. After 4 weeks the
skin condition improved 83% or more.

Those results showed daily use of detergents,
especially shampoos, could bring irritation of the skin
and make symptoms harder and difficult to treat [6].

Table 2 Comparison of Baby Shampoos and
Herbal Shampoos by Patch Test

Stimulation Index(mean)|
sampoo| 48h 72h
A 205 7.6
B | 265 10.1
C | 461 25.8

Ingredients

Sodium anhydrate, Progprene glycol, Perfume
Paraben, Perfume, Yellow No.5, Yellow No.203
Edetic acid, Paraben, Sodium Anhydrate
Perfume, Edetic acid, Polyoxy-ethylene laureate
Dibutyl-hydroxy Toluene

D |36.1 38.0
Triethanol amine

E | 154 2.6 |Polyoxy-ethylene laureate, Perfume

Polyoxy-ethylene laureate,
F | 141 156.5 |Parabene, Salicylate, Dehydro acetic acid,
Edetic acid, Dibutyl-hydroxy toluene,

Yellow No.4, Green No.3, Perfume

baby shampoo: A, B, C, D herbal shampoo: E, F

3.3 Comparison of Soaps

Next we compared soaps which are
recommended to be safer for the allergic skin. Table 3
shows soap E which is made from Hiba-oil shows
less SI. That means it is the safest for the skin.

Table 3 Comparison of Soaps by skin irritation

soap | Main Ingredients Sl (48h) Safety
A Na laureate 89.8 X
B Na-glutamate 36.7 X
C | Triethanol amine 22.7 X
D | Arginine 14.6 0
E |Hibaoil 5.7 0
0 (72h) )
Sl: Stimulation Index
® : safe <5.0
O : permitting 5.0~15.0
A : doubtful 15.0 ~ 30.0
X : dangerous 30.0<

3.4 Comparison of bath flavors

Next we compared bath flavors. Table 4 show A
and B contain extracts from white cedar (Hiba boiled
at 40°C and 50°C extract), C and D are commercial
products. One derived from Hiba extracts (A) showed
less irritation after 72 hours at 0.01%.

Table 4 Comparison of Bath flavors

Sl

Flavor 48h 72h

A |Hiba-water 11.8 5.9
(40°C, 1h extract)

B Hiba-water 17.0 29.4
(50°C, 1h extract)

C |Hiba-oil 33.3 25.0

D |Hiba-water 33.3 8.6

E |Garlic extract 33.3 6.6

F |Ricebran extract 20.0 10.0

G |Herbal extract 30.3 10.0

SI: Stimulation Index (£ or more)
safe <5.0

permitting 5.0 ~ 15.0

doubtful 15.0 ~ 30.0
dangerous 30.0 <

3.5 Comparison of Hinokithiol

Next we compared Hinokithiol. Table 5, A is
Hinokithiol synthetic, B derived from Aomori Hiba
dissolved in alcohol and C Hinokithiol derived from
Aomori Hiba dissolved in Tween. Synthetic
Hinokithiol showed higher SI than one derived from
Aomori Hiba. Moreover SI by Hinokithiol derived
from Aomori Hiba dissolved in Tween are O at all the
concentration after 48 hours and 72 hours.
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Table 5 Comparison of Hinokithiol by Patch Test

48h 72h
% 0.1 0.05 0.005 mean | 0.1 0.05 0.005mean
Hinokithiol
A | (synthetic) — 166 6.6 116 |11.6 6.6 33 45
Hinokithiol

oo
o
o
o
o
o
o
o
o

(derived from Aomori Hiba

Dissolved in Tween)
Hinokithiol

(derived from Aomori Hiba |6.6 3.3 10 6.6

Dissolved in alchol)

[¢]

33 33 0 22

safe <50
permitting  5.0~15.0
doubtful 15.0~30.0
dangerous 30.0 <

3.6 CAST by food additives

Cellular antigen stimulation test (CAST) were
developed to analyze unknown causes of allergen
such as pseudo-allergen or drugs. We thought it might
be helpful to analyze chemicals, especially food
additives which cause allergic symptoms.

Patients who showed anaphylactic reactions by
food show higher SI and atopic patients show second
higher indices compared to control.

MSG Na anhydrate Tartrazine

8
5
4
3 L T
2
1
0

Stimulation Index
o = v ow s
-

o - v w a oo
—

b—
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102 10° 10* 10° 0 102 10° 0 102 10°
Concentration (1 g/ml)

—— AD
—o— Anaphylaxis * P<0.05
Control k% P<0.01

Fig. 1 Cellular antigen Simulation Test (CAST)
by Food Additives

Allergic diseases, especially more difficult
cases, are increasing although many efforts are
proposed. We showed that products used daily could
be the irritants for allergic skin, atopic dermatitis. So
if one ecliminates those irritants, it could bring the
symptoms better. So far, allergic disease has been
evaluated by inhalants (House dust, mites,
pollens...), or foods (egg, milk..), but the
involvements of chemical ingredients were very
difficult to show. Our papers first showed the
involvement of chemical products for the
deterioration of allergic skin. Also the food additives
contribute to the allergic symptoms. Again if one
eliminates food additives, another pollutants, they
serve the allergic conditions in better way.

4. CONCLUSIONS

Increases of Allergy were mainly from the
environmental pollution such as air pollutant (Diesel
Exhaust Particles: DEP, NOx, SOx...), food additives
and chemical pollutants for daily-use skin products.

34[4]711-713 (2009)

Elimination of such pollutants—choosing the safer
ingredients could be the important thesis for allergic
diseases and decrease of vicious environmental cycle

might serve the decrease of allergic diseases.

Hinokithiol first showed us [7, 8, 9] the clues to
decrease the environmental pollutant all over. And if
one chooses safer materials and safer products, it will

contribute to the allergic conditions in better way.
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New Utilization Methods of Essential Oils from Woody Biomass
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The new methods to utilize the essential oil, especially taken from hinoki (Chamaecyparis obtuse Endl.) and
eucalypt (Eucalyptus camaldulensis Dehnh.) were developed in order to raise the total value of hinoki and eucalypt
woods. Evaluation and value-added utilization of the essential oils was carried out concerning the chemical
recycling of expanded polystyrene (EPS) with essential oil and creating the antifungal and antitermitic agents,
cleaning and detoxifying the diesel exhausting gas with hinoki oil fumigant, functional fragrance for human
physiological behavior controlling and so on.

Key words: essential oil, Chamaecyparis obtusa, Eucalyptus camaldulensis, biomass utilization

1. INTRODUCTION

Biomass has drawn a large attention as an
eco-friendly resource for energy and chemicals etc.
Although woody biomass amounts to more than 90% of
global biomass on the land, it is rather difficult to be
utilized for many purposes compared to the
agro-biomasses.

Hinoki (Chamaecyparis obtusa Endl.) and eucalypt
(Eucalyptus  camaldulensis  Dehnh.) are typical
reforesting tree species in Japan and Thailand ",
respectively. Both trees are planted widely and therefore
evaluated as huge promising biomasses. Usually they are
used as construction wood and pulpwood, but large
amount of wastes including twig, leaves, cutting edges,
stumps etc. are generated during harvesting and
processing them. The essential oil is a quantitatively
minor component (only a few percentages based on the
dry woody materials), but it is quite important for not
only tree itself but also the other livings ? and is of high
price as a commercial product. Woody biomass is
expected for energy production, but it may not be still
competitive to the fossil oil or coal. That is, the energy
such as electricity from it is more costly than that from
fossil oil or charcoal. So, to obtain and utilize the
essential oils from the wastes enhance the value of
whole trees.

Generally essential oils from the woody biomass
reveal the notable features of wood, such as aromatics,
antiviral, antifungal, antitermitic and insecticidal
properties etc. ¥, and therefore, the attempts to extract
the essential oils from woody biomass have recently
been carried out in many places. In this report some new
utilization methods for the essential oils are introduced
and discussed.

2. MATERIALS AND METHODS
2.1 Wood essential oil

Hinoki leaf and wood oils were supplied by Kochi
Seiko Co. and Green Co., Kochi, Japan, respectively.
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Both oils were obtained by steam distillation of the
leaves and the whole woods taken from the thinning
trees, respectively. Sugi (Cryptomeria japonica D. Don)
essential oil was obtained by the steam distillation of the
whole wood chips. Eucalypt (Eucalyptus camaldulensis)
leaves were supplied by Siam Forestry Co. Ltd.,
Kanchanaburi province, Thailand. Their oils were
prepared by water distillation. Both essential oils were
analyzed by GC-MS spectroscopy, Shimadzu QP5050A
using capillary column, TC-1 0.25mm ¢ x 15m, GL
Science Co. The detailed conditions are the same in the
previous paper. ¥

2.2 Preparation of the solution of expanded polystylene

(EPS) and essential oil

Bulky EPS was dissolved in the hinoki
essential oil. Solution of 25 and 50 w/w% were
prepared. Apparent specific gravities of EPS and
essential oil are 0.01 and 0.9, respectively.

The solution was applied on the surface of
wood samples (sugi wood cubic sample (25 x 25 x
5 mm) and cylindric sample (8cm¢ x 30cm)), then
the resulting samples were subjected to biological
degradation tests in order to evaluate antifungal
and antitermitic abilities. They were placed in the
bait station set around the termite colony, then
their deteriorations were checked periodically.

The fungal growth and termiticidal tests were
also conducted on the PDA culture medium and
the filter paper in the Petri dishes, respectively.
The PDA culture media were sterilized at 120°C
for 30 min, then cooled down. The methanol
solution of essential oil was added onto the PDA
culture medium and only methanol was volatilized
off in the clean bench. The PDA culture media
prepared with only methanol were used as the
control. The fungi, Trametes versicolor NBRC
4937 and Fomitopsis palustris NBRC 30339 were
inoculated at the center of PDA culture media in
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the Petri dishes containing 10 mg/ml of the
essential oils, then the colony area were measured
at each day for a week as described in the .

Antifungal index was calculated as follow;

Antifungal index (%) = (1-Sa/Sb) x 100
Sa: Area of mycelial colony grown with oil
sample (cm?)
Sb: Area of mycelial colony grown in
control (cm?)

Twenty eight workers and 2 soldiers of
Coptotermes formosanus Shiraki were introduced
onto the filter paper with the essential oil and
distilled water in the Petri dish, then the dead
termites were counted everyday and the
antitermitic activity was determined by the
termite mortality. ¥

2.3 Treatment of diesel exhausting gas with
hinoki oil fumigant

The diesel exhausting gas was generated by
the diesel engine and passed through the apparatus
(diameter:32mm, length:10cm)  filled  with
ceramic ball (diameter:3mm, Toyo Denka Co.)
and hinoki oil solution (1% in water) at the flow
rate of ca. 60 ml/min. The concentrations of diesel
gas particulate (DEP), NOx, COx, and SOx in the
diesel gas were measured at the inlet and outlet of
the apparatus. Concentration of DEP was
measured by digital fine particle counter
(Dustmate LD-3K2, Fujirika Co.), NOx, COx and
SOx were evaluated by inspection tubes (Gastech
Co.).

2.4 Influence of essential oils on human
physiological behaviors

Four kinds of essential oils, hinoki wood, hinoki leaf],
sugi wood (Marusichi sangyo Co. Shizuoka), eucalypt
leaf oils were utilized. Totally 41 persons (27 males and
14 females) were tested. Before and after sniffing these
oils, maximum and minimum blood pressures, pulse rate,
stress index, intensities of brain waves were measured.
The former three were measured by conventional
sphygmometer. The stress index was measured by
cocorometer (CM-1.1, NIPRO Co.) based on the
amylase activity of saliva.”’ The intensities of brain
waves (o (slow:7-8Hz (o), mid:9-11Hz (o),
fast:12-14Hz (o)), P (15-23Hz), 6 (4-6Hz) - waves)
were measured by Mind Sensor II (Noryoku Kaihatsu
Kenkyusho Co.). The mental condition was evaluated as
the relaxation value = (3a,, + o5 + 0)x100%.

Change in sympathetic nervous action was evaluated
by the above parameters. The control tests were also
conducted by sniffing the distilled water in place of the
essential oils.

All results were statistically evaluated by Excel
Statistics for Windows, The Social Information Service
Inc., Japan. Significance of difference was calculated by
t-test.

3. RESULTS AND DISCUSSIONS

3.1 Effects of EPS-essential oil solution on antifungal
and antitermitic activities

The wood samples were set around the termite
colony of C. formosanus in the field. Treated and
untreated wood blocks were placed together in a bait
station. After 1 and 3 months. the untreated wood blocks
reduced their weights about 50% by termitic attacks, but
the wood blocks coated with EPS-essential oil solution
hardly changed even after 3 months. Only the treated
wood blocks were wholly covered with frass produced
by termites, it means the termites tend to strongly avoid
the treated samples.

The cylindric wood samples from thinning forest
were subjected to the weather test in the field for three
years. After 3 years wood samples had many small
cracks, but they were not damaged by biological attacks,
like fungal and termitic ones. Hinoki essential oil has a
strong antitermitic activity 7, but even if only hinoki
essential oil is applied on surface of the wood sample, it
mostly disappears within a few weeks because of its
volatility. The polystyrene coating layer formed by
EPS-essential oil solution acts as barrier for emission of
essential oil, so the essential oil can be maintained on
the wood sample and its function is kept for longer time.

The latter scheme shows the chemical recycling
system of EPS with hinoki essential oils. In this system
the essential oil is able to be utilized repeatedly. ¥

Essential oil

Polystyrene

Precipitate &

Solubilize separate

Anti-fungal & anti=
termitic agents

Scheme Recovery of polystyrene from expanded
polystyrene (EPS) waste with wood essential
oils

Two essential oils were used for antifungal tests
against T. versicolor and F. palustris. The results are
shown in Table 1. Growings of two fungi were reduced
by each essential oil at 10mg/ml. Especially F. palustris
was highly inhibited by eucalypt leaf oil. Several other
fungi are also tested. >

Table 1 Antifungal activities of hinoki leaf oil and
cucalypt leaf oil at 10 mg/ml for a week
Antifungal indices (%)

Trametes versicolor
575+23
39.5+3.9

+values mean the standard deviation

Fomitopsis palustris
48.5+12.1
849 + 2.3

Hinoki leaf oil
Eucalypt leaf oil

3.2 Treatment of diesel exhausting gas with hinoki

essential oil

The diesel exhausting gas particulates (DEP) were
completely removed by the apparatus tube filled with
ceramic balls and hinoki essential oil solution. The
microscopic observation indicated that the fine DEP was
agglomerated during passing through the vaporized
essential oil and easily filtered off. However the
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agglomeration mechanism is not known yet, so further
investigation is necessary.

The oxygenated nitrogen (NOx) and the carbon
monoxide were also effectively removed as described in
Fig. 1 and Fig. 2, respectively. The symbols A, B, C
mean the concentration of NOx or CO in the gasses
passed through (A) ceramic ball only, (B) ceramic ball
with water, and (C) ceramic ball with hinoki essential oil
solution. It is considered that some components of the
essential oil react with the oxygenated nitrogen and the
carbon monoxide. Especially the oxygenated nitrogen is
effectively removed by this apparatus. Most of NOx in
diesel exhausting gas is removed by ceramic balls,
furthermore, hinoki essential oil enhances its effect and
can completely reduce the NOx. Carbon monoxide (CO)
is also effectively removed by ceramic ball and hinoki
essential oil.

This technology may be available for cleaning the
diesel exhaust gas not only at the exit of muffler but also
in the mostly closed spaces such as tunnel, construction
site etc. These wide adaptabilities are one of the most
advantages of this technology.
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Fig. 1 Concentration of NOx before and after the
treatment
A: Ceramic ball only
B: Ceramic ball with water
C: Ceramic ball with hinoki essential
oil solution
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C:Ceramic ball with hinoki essential oil
solution
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3.3 Effect of essential oil on human physiological
conditions

Maximum blood pressures before and after sniffing
essential oils are shown in Fig. 3. Testing groups were
different for each essential oil, so the initial maximum
blood pressures were not identical each other. The
maximum blood pressure was decreased after sniffing
each essential oil. Each essential oil can lower the
maximum blood pressure. This effect is statistically
significant with 1% level of significance. The minimum
blood pressure was also mostly decreased, but its effect
was not statistically significant. The pulse rate did not
change before and after sniffing the essential oils.

The control test with sniffing the distilled water may
indicate an influence of placebo effect. With only
sniffing the distilled water, blood pressure and pulse rate
were slightly changed, but the effects were negligible
small.

145

5 —
© 10 | Before
> BAfter
& 135
8 -
s
- 130
=}
o
© 125
[sa]
E 120
=2
E
<
=

110

Hinoki Hinoki Sugi Eucalypt
Wood Leaf Wood Leaf
Essential oil

Fig. 3 Maximum blood pressures before and after
sniffing several essential oils from hinoki wood,
hinoki leaf, sugi wood, eucalypt leaf.

The stress index is evaluated by amylase activity of
saliva. Higher values mean to be highly stressed. After
sniffing the essential oils of hinoki wood, hinoki leaf and
sugi wood, each stress index is decreased as shown in
Fig. 4. On the other hand, cucalypt essential oil only
increases the stress index. It means some essential oils
make human relaxed, but some others give the opposite
effects. However, the values of stress index are quite
different from person to person, furthermore their
changes after sniffing the essential oils largely depend
on the individuals. These effects have not been
confirmed with statistical significance due to large
difference in the individual values so far.
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Wood Leaf Wood Leaf

Essential oil

Fig. 4 Stress indices before and after sniffing several
essential oils from hinoki wood, hinoki leaf, sugi
wood, eucalypt leaf.
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Average relaxation values of 27 males before and
after sniffing the essential oils are shown in Fig.5. After
sniffing the essential oils from hinoki leaf, sugi wood
and eucalypt leaf the relaxation values were increased,
but only the hinoki wood essential oil didn’t show
positive effects although it showed very good effects for
maximum blood pressure and stress index. Some
essential oils are found to exert on strengthening o brain
wave.” Hinoki leaf, sugi wood and eucalypt leaf oils can
increase o brain wave.
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© 230
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200
Hinoki wood Hinoki leaf Sugi wood Eucalypt leaf
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Fig. 5 Average relaxation values of 27 males before and
after sniffing the essential oils.

It is found that the maximum blood pressures, stress
indices and relaxation values before sniffing the
essential oils are quite different. A set of the sniffing
tests (before and after) is conducted once per day,
therefore it means that these parameters vary daily to
large extent. These tendencies may make it difficult to
evaluate the physiological effects of the essential oils by
statistical calculation.

4. CONCLUSION

New methods for wood essential oil utilization have
been developed. They have been revealed effective and
useful. Utilization of the essential oils from woody
materials is promising for antifungal and antitermitic
agents, detoxifying agent of diesel exhausting gasses,
functional fragrance etc. The essential oils can be
produced from wood processing wastes and before main
utilization, such as energy generation, pulping etc.
Higher potential of the essential oils enhance the total
values of woods, which may be of benefit to the
artificial forest management.
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A cellulose/copper blend was prepared by a mechano-chemical treatment using a high-speed
ball mill called a planetary mill. Cellulose and copper in the blend were mixed in the
submicron scale, as observed by scanning probe microscopy using the surface potential
microscopic mode. The treatment made the cellulose crystal almost amorphous while the
molecular weight of the cellulose retained 70% of its original value. X-ray diffraction
patterns of the copper remained unchanged. Removal of cellulose from the blend by firing or
enzymatic decomposition yielded porous copper, the surface area of which was 18 m?/g. The
copper fragments appeared not to be isolated but rather were connected to each other at
junction points. Such a porous structure must prevent cohesion of each metal fragment to
retain its effective surface area. Many nano-metals have a problem, in that the cohesion of
the particles decreases their apparent surface area resulting in a decrease in the efficiency
for their practical use. Therefore, if porous metals prepared by this method are applied as
catalysts or electrodes, a high efficiency can be expected.

Key words: cellulose, mechano-chemical, blend, metals, composite

1. INTRODUCTION

Mechanical alloying has been widely
studied for many materials, such as metal alloys
and polymer blends, because of the wide range
of its applicability. Conventional polymer
blends are mainly prepared from the melt
mixtures of the polymers or solutions, which
require the polymers to be melts or co-solvents
of them. Cellulose is thus not suitable as a
material for such blendings because it can not
melt under the temperature of thermal
decomposition and has few co-solvents with
commonly used polymers. Mechanical alloying
however has been used for forming blends
whose components are not chemically miscible
with each other. Blends of cellulose and
thermoplastic polymers were recently prepared
for the first time by mechano-chemical
treatment using a high-speed ball mill called a
planetary mill '+ 2. By the treatment, the blends
with cellulose content over 80% were thermally
flow-able as to be applied to injection molding.
It is to be noted that blends mixed by a
conventional extruder cannot be shaped by

injection molding. In this context, mechanical
alloying offers a new avenue for preparing
polymer/metal blends with fine dispersion.

Recently, polymer/metal nano-composites
have been prepared using various methods,
including (1) evaporation of metals on a
polymer surface followed by dispersion into the
polymer by molecular movement of the polymer
segments above the glass transition
temperature®*; (2) independently evaporating
organic and metallic raw materials and thereby
covering the metal with the organic material’;
(3) selective localization of metal particles in a
polymer domain using a micro-phase separation
method®; (4) absorption of hydrophobic parts of
polymers on a metal surface forming a
polymer/metal composite in order to prevent
aggregation of these metals’. Various additional
studies relating to polymer/metal
nano-composites have been conducted, and a
complete review is beyond the scope of this
paper. However, it is to be noted that
mechanical alloying has not been attempted thus
far to prepare polymer/metal composites.
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In this study, we prepared cellulose/copper
blends using a planetary mill and examined the
structure of the blends. In addition, porous
copper prepared by removing cellulose from the
blend by firing or enzymatic decomposition was
also investigated.

2. EXPERIMENTAL

2.1 Blend of Copper and Cellulose

Copper powder, under 80 pum in diameter,
prepared using an atomizing method was
purchased from Kojundo Chemical Laboratory
Co Ltd., Japan. Cellulose powder supplied by
Whatman International Ltd., England, was used
as the cellulose sample; the sample name was
CF-11. Fourteen grams of copper, 6 g of
cellulose and 25 zirconia balls (20-mm
diameter) were placed in a zirconia vessel with
a 500 ml volume. The vessel was set in the
high-speed ball mill (Model P-5, Fritsch GmbH,
Germany) and subjected to planetary motion
capable of moving the balls with a high
acceleration over 10 times the gravitational
acceleration. The copper and cellulose mixture
was ball milled using this apparatus at 250 rpm,
which is equivalent to 10 times the acceleration
of gravity, at under 80°C for given times. This
treatment was conducted intermittently, 30
minutes running followed by a 15 minute pause,
such that the sample temperature did not exceed
80°C.

2.2 Preparations of Porous Copper

Porous copper was prepared by removing
cellulose from the blend. Two methods were
employed to remove cellulose. In the first
method, the copper and cellulose blend was
fired at 600°C for 3 hours to remove the
cellulose. In the second method, the copper and
cellulose blend was treated with 1 wt% agq.
cellulase (Onozuka R-10 derived from
Trichoderma viride, Yakult Co. Ltd., Japan) at
50°C and at a pH of 4.5 in an acetic acid buffer
(0.1 N acetic acid / 0.1 N sodium acetate = 10/7
v/v) for one week. Complete removal of
cellulose from the blend was confirmed by the
weight loss of the sample, equal to the cellulose
content in the blend.

2.3 Measurements

Scanning Electron Microscopy (SEM): The
blend of copper and cellulose was observed
using a S-4700 (Hitachi, Ltd.) SEM operated at
an accelerating voltage of 15 kV. This
microscope is also equipped with an energy
dispersive X-ray micro analyzer (EMAX-7000,
HORIBA, Ltd.).

Scanning Probe Microscopy (SPM): The blend
sample was placed on a stainless steel sample
holder covered with carbon paste, and observed
with a scanning probe microscope (Nano Scope
IV D3100 with Cr/Au coated probes named
MESP, Veeco Instruments Inc.) using a surface
potential microscopic mode (SPoM).
Wide-Angle X-ray Diffraction: X-ray diffraction
patterns were measured using a reflection

method and recorded on an X-ray diffraction
apparatus with a scintillation counter (Rotaflex
Ru-200PL, Rigaku Denki Co. Ltd., Japan) with
an inner reference (Si0,; 260 = 28.45° ).
Surface Area: The surface area of the porous
copper was measured by the amount of nitrogen
adsorbed on the surface of the copper, which is
known as the Brunauer-Emmett-Teller (BET)
method®, using a NOVA2200e apparatus
(Quantachrome Instruments, USA).

3. RESULTS AND DISCUSSION
3.1 Scanning Electron Microscopy (SEM)
Figure 1 shows an SEM image of the blended
particles of copper and cellulose prepared by
the high-speed ball milling for 3 hours. The
sizes of these particles ranged from 4.7 pm to
58.6 pm, which average out to 18.8(11.2) um
calculated from randomly selected 100
particles; the size of a particle is the average of
the longest and shortest length of the particle
and the value in parenthesis represents the
standard deviation.

x200 iSes

100pm
Fig.1 SEM image of cellulose/copper blend
prepared by the high speed ball milling for 3
hour

100pm 10um
Fig.2 Distribution maps of cellulose / copper

blend observed with energy dispersive X-ray
micro analyzer.

Figure 2a shows the distribution map of
copper for the same image shown in Figure 1.
Yellow indicates domains where copper exists.
The yellow regions had the same shapes as the
particles shown in Figure 1, meaning that
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copper fragments were distributed
homogeneously in the particles. A magnified
view of the copper distribution shown in Figure
2b also indicates the homogeneous existence of
copper. However, the resolution of the
apparatus used for this copper mapping was not
so high (about 1 um) as to examine the blended
state of copper and cellulose.

3.2 Scanning Probe Microscopy (SPM)

The copper/cellulose blend materials were
imaged by SPM using the surface potential
microscopic mode. This mode can distinguish
between copper and cellulose because the
electrostatic potentials of the two materials are
very different. In the SPM image (Figure 3), the
black and white parts indicate copper and
cellulose, respectively. The copper fragments
were dispersed in the cellulose matrix in the
sub-micron and nanometer scale. During the
high-speed milling, the impact of heavy ceramic
balls possibly caused amalgamations of copper
and cellulose followed by breakdown of the
fused pieces. It seemed reasonable to assume
that the countless repeats of amalgamations and
breakdowns mixed the copper/cellulose blend
materials together on a sub-micron scale. The
highest surface energy of cellulose (45 mN/m)’
among polymers probably provides strong
contact between cellulose and copper. If it were
not for the strong interaction between cellulose
and copper, the two materials would be divided
along the interface and would not be blended in
this small scale. This is the main reason to use
cellulose as the first polymer material for this
study. When the copper alone was treated by the
high speed ball milling for 3 hours, the size of
the copper particles did not reduce, but became
much larger, up to 0.2 - 0.5 mm, with a
scale-like shape. This is probably due to the
ductility of copper, which makes the copper
powders stick together to form larger granules
rather than being crushed to small pieces.

Ipm
Fig.3 SPM image of cellulose/copuper blend
using surface potential microscopic mode.

3.2 Structural change during high-speed ball
milling
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Figure 4 shows changes in the X-ray
diffraction patterns of cellulose during
high-speed ball milling. Clear diffraction peaks
from the (1-10), (110) and (200) crystal planes
of the cellulose I crystal from the lower
diffraction angle were observed for the original
cellulose (Figure 4(a)). The diffraction peaks
abruptly decreased after a 10 minute treatment
(Figure 4(b)) leading to one broad peak after
2-3 hours treatment (Figure 4(d,e). In spite of
the drastic change in crystallinity, decreases in
molecular weight (My) were not very high, i.e.,
36,700 for original cellulose, 26,100 for 2 hour
ball milling and 26,200 for 3 hour ball milling.
On the other hand, the X-ray diffraction pattern
of copper remained unchanged even for the 3
hour treatment. The diffraction peak at 20 =
28.45° is from SiO, wused as an internal
reference.

(200)

Intensity

10 15 20 25 30
260 /°

Fig.4 Changes in X-ray diffraction patterns of
cellulose during high speed ball milling: (a),
original cellulose; (b), ball milled for 10min.;
(¢), 30min.; (d), 2 hr.; (e), 3 hr.

3.3 Porous Copper

When cellulose in the blend materials was
removed by firing or enzyme decomposition,
porous copper could be obtained. Figure 5
shows an SEM image of porous copper prepared
by firing at 600°C for 3 hours. The starting
blend material subjected to firing was the same
one shown in Figures 1 — 3. The surface area of
the fired particles was 9.60 m?/g, which was
much higher than that of the starting copper
powder (0.3 m?/g) prepared by an atomizing
method. Every copper fragment seemed to be
connected by sintering. It is not surprising that
sintering took place at a far lower temperature
(600°C) than the melting point of copper
(1085°C), because the melting temperature
decreases with decreasing size; for instance, the
melting point of bulk gold (1064°C) decreases
to 330°C for gold particles with a diameter of 2
nm'®. This suggests that the copper fragments in
the blend materials include very small ones.
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Fig.5 The SEM image of porous copper
prepared by firing at 600°C for 3 hour in order
to remove cellulose from the blend.

Porous copper can also be prepared by
another method. Figure 6 shows the porous
copper obtained from the same blend particles
as the ones mentioned above using enzymatic
decomposition of cellulose. The surface area of
these particles was 18.32 m?%/g, which was
higher than that of the fired particles (9.60
m?/g), probably because no sintering occurred
during the enzyme treatment. The shape and the
size of the copper fragments were almost the
same as those shown in Figure 3, indicating that
Figure 6 shows the skeleton of the copper
buried in the cellulose matrix.

Fig.6 The SEM image of porous copper
prepared by enzymatic decomposition of
cellulose.

A closer look at Figure 6 shows some junction
points present among the copper fragments. In
addition to this, the blending mechanism,
amalgamations and breakdowns, support the
possibility that the copper fragments were not
isolated from each other but rather were
connected to each other at the junction points.
Therefore, such a porous structure must prevent

cohesion of the metal fragments to retain its
effective surface area. Various nano-metals
have a problem that needs to be solved, that is,
cohesion of the particles decreases the apparent
surface area resulting in a decrease in the
efficiency for their fine use. Therefore, if the
porous metals prepared by this method are
applied as catalysts or electrodes, a high
efficiency can be expected and anticipated.
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In this study, the structral characteristics of bamboo lignophenol were discussed in
detail. As a part of p-hydroxyphenolic units (H units) esterified to native core lignin
still remained in ligno-p-cresols, the separation of H units from core lignin has been
done in alkali conditions. The structure analysis of hydrolyzed H units is done with UV
spectroscopy measurement(UV), Fourier Transform Infrared(FT-IR) etc.. They are
composed of p-coumaric acid, ferulic acid and 4-hydroxybenzoic acid. p-Coumaric acid
has antioxidant properties; ferulic acid, being highly abundant, may be useful as a
precursor in the synthetic chemistry industry; p-hydroxybenzoic acid is primarily
known as the basis for the preparation of cosmetics. That is, p-coumaric acid and
ferulic aicd and p-hydroxybenzoic acid are important as the industrial raw materials
such as the medicine, the spices, and cosmetics. Therefore, the potential of bamboo

forest as a sustainable molecule forming fields can be evaluated through the
phase-separation system by the performance analysis on a molecular refining

characteristics.

Key words: bamboo forest, ligno-p-cresol, H-units, molecular forming fields

1. INTRODUCTION

Recently environmental protection and sustainable
development have been considered significant. It is very
important to exploit biomaterials instead of
petrochemical resources. Bamboo species are distributed
throughout the tropics, subtropics and temperate zones
in the world. Due to its low cost, utilization of bamboo
has attracted increasing attention in the world. However,
the research is limited to carbohydrates, and completely
effective use of the bamboo resources has not been
achieved yet.

In the concrete, the accumulation of bamboo in Japan
is in the range of 3~3.6 million tons in the dry weight. It
is estimated to be 360 million tons as an amount of the
resource in the world. The annual production of bamboo
is 20-30 tons/ 100-120 tons of present stock. It is higher
than either of the rainforest, temperate-zone hardwood
forest and field of grass [1]

In our previous study, the conversion and separation
patterns of bamboo lignocellulosics through the
phase-separation system have been investigated.
Through short time phase-separation treatment without
ultrasonic irradiation, bamboo lignocellulosics were
separated into carbohydrates and ligno-p-cresols more
rapidly than woody materials. The yield of
ligno-p-cresols (ether insoluble) derived from bamboo is
ca. 80% to its Klason lignin, and the other ca. 20% is
ether soluble. The yield of carbohydrates derived from
bamboo is nearly 100% to holocellulose [2]. The
'H-NMR(Nuclear Magnetic Resonance), FT-IR(Fourier
Transform Infrared absorption spectrum), pyrolysis
GC/MS(Gas Chromotagraphy/Mass) and TMA(Thermo
mechanical analysis) analytical data indicated that the
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characteristics of bamboo ligno-p-cresols were basically
similar to hardwood ligno-p-cresols. However, a part of
p-hydroxyphenolic acid in bamboo lignins remained in
the molecule even after phase-separation treatment, due
to the solvation effect of cresol [3,4]. Bamboo
ligno-p-cresols had high protein-adsorption capacities,
comparable to wood ligno-p-cresols, which were 5~10
times higher than conventional lignin preparations.

In conventional researches, it has been known as a
unique feature of bamboo and grass lignins that they
contain 5-10% of esters of p-coumaric acid accompanied
by ferulic acid in small amounts [5]. The occurrence of
the esters of p-coumaric acid in bamboo was
demonstrated by Shimada et al., in dicating that the
majority of p-coumaric molecules in bamboo and grass
lignins are linked to the « -position of the side chain of
lignin molecules [3].

Furthermore, in this study, the structral characteristics
of bamboo ligno-p-cresols were discussed in detail. As a
part of p-hydroxyphenolic units (H units) esterified to
native core lignin still remained in ligno-p-cresols, the
separation of H units from core lignin has been done in
alkali conditions. The structure analysis of hydrolyzed H
units is done with UV spectroscopy measurement.
Bamboo species are distributed throughout the tropics,
subtropics and temperate zones of the world. Many
bamboo species, ca 1000 species and 100 genera are
known [6,7]. They generally possess some unique
features in common, such as the culms are connected by
dense rhizomes, new culms are reproduced asexually
every year with a rapid growth rate, culms do not carry
out secondary growth and sexual reproduction is
conducted at long intervals ranging from 3 to 120 years
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[8]. The genus Phyllostachys is one of the largest genera
of bamboo and about 30 species are known in the East
Asia [9]. The accumulation of bamboo in Japan is in the
range of 3 ~ 3.6 million tons in the dry weight. It is
estimated to be 360 million tons as an amount of the
resource in the world. The year production of bamboo is
20-30 ton/ 100-120 ton. It is higher than either of the
rainforest, temperate-zone hardwood forest and field of
grass [10,11].

The potential of bamboo forest as a sustainable
molecule forming fields is evaluated through the
phase-separation system by the performance analysis on
molecular refining characteristics.

2. EXPERIMENTS
2.1 Alkaline hydrolysis

Bamboo ligno-p-cresols (500 mg) was dissolved in
200 mL of 1IN NaOH solution was kept for 72 hrs at
40°C. The solution was acidified (PH=4) with 1IN HCI
and the precipitate was filtered off. Lignin residue was
washed with a small amount of hot water. Filtrate and
washings were combined and extracted with ether (100
mL X4). The ether layer was extracted with saturated
NaHCOj; solution (100 mL X5), and the aqueous layer
was acidified with conc. HCI and re-extracted with ether
(100 mL X 4). The ether fraction was then washed with
saturated NaCl solution and dried over anhydrous
Na,SO,4. Removed of the solvent in vacuo gave crude
crystals of p-coumaric acid (p-CA), which were
determined by measurement of the absorbance at 336
nm in the alkaline 2-methoxylethanol solution [4]. The
ligno-p-cresols received after alkaline hydrolysis is
called for sap-ligno-p-cresols in this study.

2.2 NaBH,-reduction difference curves

To 10 mg ligno samples (bamboo ligno-p-cresols and
bamboo sap-ligno-p-cresols), 0.1 N NaOH solution was
used to measure it up to 25 mL, which was defined as
original solution. Furthermore, 3 mL original solutions
was diluted to 25 mL with 0.1 N NaOH as reference
solution. On the other, 3 mL original solutions was
added in 0.6 mg NaBH, and then diluted into 25 mL
with 0.1 N NaOH solution as reduced solution. The
NaBH,-reduction difference curves were measured on a
JASCO V-560 spectrophotometer. They are measured
continuously in wavelength region of 200-600 nm
[12,13].

2.3 FT-IR spectra

FT-IR spectra were obtained on Perkin Elmer
Spectrum GX FT-IR Spectroscopy using KBr dics
(sample: KBr=3 mg: 200 mg). The spectra were
recorded in the range from 400 to 4000 cm™ with a
resolution of 4 cm™ over 32 scans. The regions from
1600 to 1700 cm™ of FT-IR spectra were compared
between bamboo ligno-p-cresols and bamboo
sap-ligno-p-cresols.

2.4 UV-Vis spectra

Ultraviolet and Visible spectra of bamboo
sap-ligno-p-cresols were determined on a JASCO V-560
spectrophotometer. They are measured continuously in
the wavelength region of 200-600 nm. The absorbance
at 300-400 nm was compared to original spectrum.

2.5 Thermo mechanical analysis (TMA)

Thermo mechanical analyses of ligno-p-cresols were
performed on a SEIKO EXSTAR 6000 TMA/SS. The
method for measurement was the same with that in [2].
The solid-liquid transitions of sap-ligno-p-cresols were
measured by programmed heating from 50 to 250°C
(2°C/min) under 200 mL/min of N,.

2.6 Molecular weight distribution of bamboo
sap-ligno-p-cresols
Gel permeation chromatography (GPC) of

ligno-p-cresols was determined on SHIMADZU CLASS
LC-10 system in the same conditions with
ligno-p-cresols [2].

3. RESULTS AND DISCUSSION

It has been known that p-coumaric acids (p-CA) is
connected to bamboo and grass lignins through an ester
linkage [5,14,15]. Nakatsubo et al. [16] recently reported
that several aliphatic carboxylic acids were introduced to
a -position of quinonemethide of guaiacylcerol-
-aiacyl ether which is a model compound of an
important intermediate in dehydropolymerization of
lignin monomers. According to the reaction mechanism
between quinonemethide and carboxylic acid, p-CA is
possibly incorporated to « -position of the lignin side
chain. On the other hand, Shimada et al. [3] indicated
from the modification reactions of lignin that the major
portion of p-CA in bamboo lignin is linked to the
terminal vy -carbon of side chain, although the minor
portion of p-CA is present at « -position. Furthermore,
the amounts of «- and v -esters of p-CA in bamboo
MWL (Milled Wood Lignin) had been estimated on the
basis of the results obtained using model compounds.
The results suggested that the portion (about 80%) was
esterified with vy -hydroxyl groups of side chains,
especially of «, f -saturated ones, in lignin molecules
[17]. Our researches indicated that the characteristics of
bamboo ligno-p-cresols are similar to hardwood
ligno-p-cresols, however a part of esterified
p-hydroxyphenolic acids remained. In this study, the
structure characteristics of bamboo ligno-p-cresols was
analyzed with alkaline hydrolysis in more detailedly.

3.1 Yield of bamboo sap-ligno-p-cresols and H units

After the bamboo ligno-p-cresols (500 mg) treated
with alkaline hydrolysis as shown in 2.1, the weight of
insoluble lignin residue was 288 mg, the yield of
bamboo sap-ligno-p-cresols was 57.6%. The structure
characteristics of separated H units was analyzed with
UV-vis spectra, but the quantification was difficult to do
in flufty for the two many steps of extracting it.

3.2 NaBH;-reduction difference curves

The original bamboo ligno-p-cresols and bamboo
sap-ligno-p-cresols were treated with NaBH, in alkaline
conditions. The NaBHy-reduction difference spectra
were compared with each other (Fig.1).
Both the original sample and sap-ligno-p-cresols can not
be detected absorption after one hour reduction
treatment. However, after 24 hours and 48 hours
respectively, shoulder peaks were observed obviously at
310-360 nm of the original sample, smaller absorptions
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were observed at the same region of the saponification
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Fig.1 NaBHy-reduction difference of bamboo original (a)
and sap-ligno-p-cresols (b). Reduction treatment
time is 1lhr, 24hrs and 48 hrs respectively.

samples. The esterified p-hydroxyphenolic acids in the
7y -position were separated from core lignin through the
alkaline hydrolysis. But a few of phenolic aryl- o -CO
groups might not be hydrolyzed in the alkaline condition,
so that the smaller aborptions were seen. This is based
on the conclusion that NaBH,; reduction method
differentiated between different types of conjugated CO
groups present in MWL [18]. Etherified aryl- « -CO
groups and coniferylaldehyde group are reduced very
quickly, while the reduction of phenolic aryl- a -CO
groups might take several days.

3.3 FT-IR spectra
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Fig.2 FT-IR spectra of bamboo original (a)
and sap-ligno-p-cresols (b).

In our conventional studies, it was reported that a
distinct C=0 vibration belonging to carboxyl or ester
group at 1730 cm™ is found in bamboo ligno-p-cresols,
the peak was disappeared completely after alkaline
hydrolysis (Fig.2b). It can be concluded that the
separation of p-hydroxyphenolic acid from bamboo core
lignin had been succeeded.

3.4 UV-Vis spectra
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As same as original bamboo ligno-p-cresols, UV-vis
spectrum  of bamboo  sap-ligno-p-cresols  was
characterized by a sharp band at 280 nm, a shoulder at
300-370 nm was not observed (Fig.3).The UV-vis
spectrum pattern of bamboo sap-ligno-p-cresols is
agreeable to its of softwood ligno-p-cresols. That is to
say, bamboo ligno-p-cresols have the addition structure
of a useful mono-phenol to the core lignin by the ester
bond. It is possible to separate it according to the

purpose.
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Fig.3 UV spectra of bamboo original (a)
and sap-ligno-p-cresols (b).

3.5 Thermo mechanical analysis (TMA)
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50 100 150 200 250 300
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Fig.4 TMA profiles of oprigtinalcbamboo ligno-p-cresols
(a) and sap-ligno-p-cresols (b).

The TMA curves of bamboo sap-ligno-p-cresols
revealed volume decreasing at 205°C due to the
solid/liquid phase transition. The transition points of
bamboo sap-ligno-p-cresols showed 30°C higher values
than  bamboo  original  ligno-p-cresols.  After
saponification treatment, the ester bonds posited in
-carbon were cleavaged, and many aliphatic hydroxyl
groups were exposed. The H bonds between the
hydroxyl groups made to have so higher solid/liquid
phase transition point.

3.6 Molecular weight distribution of bamboo
sap-ligno-p-cresols

Weight average molecular weight (Mw) of original
bamboo ligno-p-cresols are 3877, number-average
molecular weight (Mn) is 2243, polydispersity
Mw/Mn=1.73. Mw of bamboo sap-ligno-p-cresols is
2839, Mn is 1621, polydispersity Mw/Mn=1.75. Weight
average molecular weight of bamboo sap-ligno-p-cresols
is a little lower than bamboo ligno-p-cresols for the
reason of cleavaged of ester bonds of p-hydroxyphenolic
acids, but the polydispersity showed almost the same
data with bamboo ligno-p-cresols.
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Fig.5 GPC profiles of original bamboo ligno-p-cresols
(a) and sap-ligno-p-cresols (b).

Relative UV Absorbance at A 280 nm

3.7 UV absorption spectra of p-coumaric acid and ester
p-hydroxyphenolic acid in bamboo ligno-p-cresols
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Fig.6 UV/vis spectra of p-coumaric acid in alkali

conditions.(a) ether extractives (b) feluric acid

(¢) p-coumaric acid (d) p-hydroxybenzoic acid.

The ether extractives of the resulted soluble fractions

after acidification through alkali hydrolysis were
achieved as yellow mucilage. The UV/vis spectrum of
its dry sample was compared to p-coumaric acid in
alkali conditions in the method same to it was accounted
in 2.4. For the region of absorption is not completely
accord to a, b, ¢ and d, it can not be concluded that the
H-units are mainly composed with p-coumaric acid here.
The ester stabilizer has to be paid attention, it need to be
confirmed with GC in detail.

3.8 Potential of bamboo forest as molecule forming
fields

Based the data showed in literatures [2,19,20] through
the phase-separation system, the yield of aliphatic
compounds (carbohydrates) is about 80% to bamboo
meal, and the yield of aromatic compounds
(lignophenols) is about 16% to bamboo meal. Therefore,
bamboo resources have the potential of providing
5.76x10° ton of aromatic compounds and 28.8x10° ton
of aliphatic compounds with the increase of 4.8 ton/year
of aromatic compounds and 24 ton/year of aliphatic
compounds every 100-120 ton of present stock.
Furthermore, the H units included in bamboo lignin can
be separated for the different purposes. p-Coumaric acid
is believed to reduce the risk of stomach cancer[21], by
reducing the formation of carcinogenic nitrosamines[22];
ferulic acid may be useful as a precursor in the
manufacturing of vanillin[23]; p-hydroxybenzoic acid is
known as preparation of its esters, which are used as
preservatives in cosmetics[24].

4. CONCLUSIONS

As distributed before, after the phase separation
treatment, H-units were still remained for the p-cresols
solvation effect in bamboo ligno-p-cresols. In this study
we separated H-units from bamboo ligno-p-cresols, the
analytical data had shown the core bamboo
ligno-p-cresols have same features with wood
ligno-p-cresols. And the H-units are not only composed
of p-CA, but also ferulic acid and p-hydroxybenzoic
acid. All of them are useful resource in organic chemical
industry. In summary, through phase separation system,
we can get both additional structure of useful
mono-phenols and lignin-based polymer from bamboo.
Bamboo can be thought as a kind of developed biomass
resources compared to wood in the phase—separation
system.
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Potential of herbaceous lignocellulosics as industrial raw materials
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Alpinia zerumbet is a perennial plant growing widely in the subtropical and tropical regions.
Alpinia zerumbet leaves and rhizomes have been extensively studied for their chemical
compositions and biological activities. It is traditionally used for the treatment of cardiovascular
hypertension and as an antispasmodic agent [1-4]. Kaoliang is another kind of lignocellulose, it
has been widely used as natural dyes in the coloring of foods, clothes, and cometics. The main
components of Kaoliang color have been reported to be apigeninidin and luteolinidin [5],
however, the structures of other compounds present in the colar have not been elucidated clearly
until now [6]. Bagasse is the fibrous residue remaining after sugarcane or sorghum stalks are
crushed to extract their juice and is currently used as a renewable resource in the manufacture of
pulp and paper products and building materials [7-8]. In this study, lignocellulosics
characteristics of alpinia zerumbet, kaoliang and bagasse were investigated to compare with
other graminae plants through the phase-separation system.

Key words: alpinia zerumbet, kaoliang, bagasse, lignocellulosics characteristics, graminae plant

1. INTRODUCTION

Lignocellulosic biomass is the world’s most abundant
renewable material and has long been recognized as a
potential feedstock for producing chemicals, fuels, and
materials [9-11]. It is primarily composed of the two
carbohydrate polymers cellulose and hemicellulose, and
lignin. Lignin is a phenolic high molecular mass
biopolymer, composed of a highly branched
phenylpropanoid framework that is unique to vascular
land plants. Alpinia zerumbet, kaoliang and bagasse
are three kinds of special lignocellulosic biomass.

Alpinia zerumbet is a perennial plant growing
widely in subtropical and tropical regions. With
fast growth and strong resistance to pests and
diseases, this species grows abundantly in the
Ryukyu Islands, and has been a traditionally
important and economic plant in Okinawa [12].
Alpinia essential oils were obtained by stream
distillation of alpinia leaves. From about 100 kg
alpinia leaves, 100 L of distillate was obtained,
which yielded 100 mL of essential oils [13-15]. In
Okinawa, alpinia oils are used as cosmetics,
perfumes, and soaps. Using alpinia stems, the fiber
is squeezed and more than 20 products are
commercialized, which include Japanese paper,
kariyushi-wear, and cloth. The rhizomes can be
used as spices and in beverages. The contents of
essential oils, total phenolics,
dihydro-5,6-dehydrokawain (DDK) and their
antioxidant and antibacterial actives were
investigated in alpinia, which had been sprayed
with copper sulphate 24 hrs earlier [16]. The main
components determined in leaf oils were 1,8-cineol,
camphor and methyl cinnamate, whereas the major
oils in the rhizome were DDK and methyl
cinnamate [17].

Kaoliang color is a brown coloring agent used in
East Asia, mainly China, Korea, and Japan.

According to the “Japan Food Additives
Association Standard”, this color is prepared by
extraction of kaoliang, seed coat, either in neutral
or alkaline conditions and slightly warmed water
or with acidic aqueous ethanol. The main
components are two flavonoids; apigeninidin and
luteolinidin [5,18,19]. Other flavonoids and their
derivatives have been isolated from this color in
previous studies [20,21], but the structures of
many components have not yet been determined.

On the other hand, many research efforts have
attempted to use bagasse as a renewable feedstock
for power generation and for the production of
bio-based materials [22-26].

As distributed above, both alpinia zerumbet,
kaoliang and bagasse play important roles in
strengthening the economy of the region from its
products such as essential oil and coloring agent.
However,the whole lignocellulosics characteristics
of them have never been investigated until now.

In this study, five herbaceous [Alpinia zerumbet
(leaves and rhizomes), Kaoliang (Hull and Culm),
Bagasse] were estimated for the utilization as
industrial raw materials. All the lignocellulosics
were converted into sugars and lignin-based
polymers (lignopluls) through the phase-separation
system.

2. EXPERIMENTAL
2.1 Materials

Air dried Alpinia zerumbet, Kaoliang, Bagasse were
ground respectively in a Wiley mill and a vibrational
mill to pass an 80 mesh screen, and extracted with
ethanol-benzene (1:2, v/v) for 48hr.
2.2 Composition analyses of five lignocellulosics
Dry matter content

The dry matter content of bamboo meals were
gravimetrically determined by drying samples at 105 C
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to constant weight.
Extractives

Bamboo meals (40~60 mesh, 1 g) were extracted with
cold water for 48h, hot water for 3h with refluxing, and
1% NaOH solutions for 1h with refluxing respectively.
The extractives contents were gravimetrically
determined by drying treated samples at 105 C to
constant weight.
Lignin

Lignin contents were determined on Klason method
(TAPPI T 13 m-54) with acid-pepsin pretreated bamboo
meals [27].
2.3 Synthesis and isolation of ligno-p-cresols

Synthesis and isolation of ligno-p-cresols were carried
out with the method in literature [28].Physicochemical
characterization analysis of ligno-p-cresols
Amounts of combined p-cresols

'H-NMR analyses of ligno-p-cresols were acquired
with a JOEL INM-A500 FT-NMR System. The amounts
of combined cresols were calculated on the signal
intensity of cresolic methyl protons (1.6-2.4 ppm)
against aromatic protons (7.8-8.4 ppm) of internal
standard (p-nitrobenzaldehyde) on 'H-NMR spectra.
FT-IR spectra of ligno-p-cresols

FT-IR spectra were obtained on Perkin Elmer
Spectrum GX FT-IR Spectroscopy using KBr discs. The
spectra were recorded in the range from 400 to 4000
cm™ with a resolution of 4 cm™ over 32 scans.
UV-Vis spectra of ligno-p-cresols

Ultraviolet and Visible spectra of ligno-p-cresols were
determined on a JASCO V-560 spectrophotometer. They
are measured continuously in the wavelength region of
200-600 nm.
Thermo mechanical analysis (TMA) of ligno-p-cresols

Thermo mechanical analyses of ligno-p-cresols were
performed on a SEIKO EXSTAR 6000 TMA/SS. About
3 mg sample powder was set in an aluminum pan (5Smm

x2 mm) and a smaller aluminum operculum (2 mm

) was put on the center over the sample. Under 49 mN
loading by quartz needle, the solid-liquid transitions of
ligno-p-cresols were measured by programmed heating
from 50 °C to 250 °C (2 “C/min) under 200 mL/min
Osz.
3. RESULTS AND DISCUSSION
3.1 Chemical compositions of five herbaceous and yields
of ligno-p-cresols

The five kinds of lignocellulose samples were
compared with the bamboo through phase separation
treatment. Alpinia culm, kao liang culm, and bagasse
were converted into the ligno-p-cresols and
carbohydrates promptly just like the bamboo sample.
Yields of ligno-p-cresols are 55-69% to each Klason
lignin contents, and this comparatively low yields
originated in the molecular weight of lignin sample
derived from the herbs plant is low and a part of them
had been lost as ether soluble fractions during the
refinement process. Moreover, when the Alpinia blade
and Kaoliang hull are used as raw material, the amounts
of the aromatic compounds collected from the phenol
layer are a little fewer, it was 20-30% to their acid
insoluble fractions amounts received by Klason method.
It originated the alcohol/benzene extraction can not
completely take all of the oil elements out, a large
quantities of the extraction elements such as the

monoterpene are remained in the sample meals, and
during the phase-separation process, oil elements can be
connected with lignin or themselves then a thick
interlayer was formed. The amounts of phenol soluble
decreased and the yields became low. In the case of
Kaoliang hull, a large amount of two flavonoids
(apigeninidin and luteolinidin) are the two main
components in it. In the acid conditions, it is possible to
have condensed structures to form a phenol insoluble
composition. As a result, it is the same to Alpinia blade
which can not receive high yields of ligno-p-cresols.

Tablel Yields of acid insoluble fractions with klason method

Sample name Extractives  to Moisture Yields of Klason
dry Wt.(%) content (%) (%)
Alpinia blade 13.46 10.02 2041
Alpinia culm 4.67 9.97 16.24
Kao lianghull 9.95 10.07 15.49
Kao liang culm 19.50 10.36 9.16
Bagasse 445 10.1 15.88

Table2 Yields of acid soluble fractions with klason method

Sample Weight of wood ~ Moisture  Yields of acid
name meal content (%) soluble lignin(%)
Alpinia blade 0.2633 10.02 3.75
Alpinia culm 0.2549 9.97 1.74

Kao liang hull 02621 10.07 2.90

Kao liang culm 0.1158 10.36 1.80
Bagasse 0.9514 10.10 1.53

Table3 Yields of lingo-p-cresols

Sample W. of wood meal W of ligno sols  Yields of lig sols
name after extraction (g) after dry(g) (to dry wood meal) (%)
Alpinia blade 1.0972 0.0411 4.16

Alpinia culm 1.0351 0.0782 839

Kao liang hull 1.0932 0.0521 530

Kao liang culm 1.0742 0.0605 628
Bagasse 1.0464 0.0834 8.86

3.2 Amounts of combined cresols

With the same method of ref.[28], the amounts of
combined cresols were also accounted here. For the
reason that Kaoliang hull ligno-p-cresols can not be
dissolved into pyridine completely, we can not measure
it by "H-NMR. For the other four kinds of samples, we
compare their '"H-NMR charts with bamboo, the same
pattern with the bamboo was shown, and the amount of
the calculated combined cresols in the kaoliang culm
and bagasse also shown almost the same data with
bamboo (0.8mol/Cy), but the amount of the combined
cresols of alpinia culm is 1.15 mol/Cy. This is because
there are a lot of low moleculars which were formed by
combining cresol. They were refined as alpinia culm
ligno-p-creols from organic layer. Moreover, only the
spectrum of alpinia blade, a sharp peak was observed in
about 1.0 ppm. This originates in hydrogen in the ring of
the >CH-C|—R structure and the cyclic compound that
exists on the straight chains of the mono-terpene,
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sesquiterpenes, and the mono-terpene alcohol contained
in the refinement of oil element of the alpinia blade as
well.

3.3 FT-IR of ligno-p-cresols
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Wavenumbers (cm™!)

Fig.1 FT-IR spectra of ligno-p-cresols. (AH: Alpinia
blade; AC: Alpinia culm; KH: Kaoliang Hull; KC:
Kaoliang Culm; BG: Bagasse; BA: Bamboo)

As we reported before, the FT-IR spectra of three
species bamboo ligno-p-cresols show bands at

1325,1220,1130 cm™ which belong to vibrations of
syringyl group and 1270, 1040 cm™ which belong to
vibrations of guaiacyl group, 815 cm™ resulted from
combined cresols, which are similar to hardwood
ligno-p-cresols. A distinct C=O vibration belonging to
carboxyl or ester group at 1730 cm™ is found. We
concluded that, a part of esterified p-coumaric acid in
bamboo native lignin is remained through the
phase-separation system. They also may be resulted
from the non-conjugation carbonyl groups coming from
polysaccharides[29].

In this study, all of the five kinds of herbs
ligno-p-cresols were observed to have absorption at
1730 cm’, which were the same with bamboo. The
absorption based on the expansion and contraction
vibration of the ester linkage was confirmed to the
vicinity. Moreover, Alpinia culm, kaoliang culm, and
bagasse showed the completely same FT-IR absorption
pattern with bamboo, and alpinia blade and kaoliang hull
were observed absorptions at 1000-1100 cm™ and
1100-1300 cm™ respectively(Fig.1). This was a result of
connecting refinement of oil and the pigment
composition included in of each with the lignin main
structures [32].

3.4 UV/vis spectra of ligno-p-cresols

In the case of bamboo, UV-Vis spectra were
characterized by a sharp band at 280 nm, a shoulder at
305 to 370 nm [29]. During the phase-separation
treatment, selective and effective grafting of cresol at
reactive sites in the side chains, leading to the
disappearance of conjugated systems had been known
by the previous researches. The shoulder peaks of
bamboo ligno-p-cresols come from the conjugation
structures of the esterified p-coumaric acid.

The UV/vis spectra of five kinds of herbs sample
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were compared to bamboo ligno-p-cresols. As same as
bamboo, in the neutral solution the absorption at 280 nm
and in alkaline solution the absorptions at 300 nm were
observed. Furthermore, in the ionization difference
spectra of herbaceous ligno-p-cresols, either of them was
observed big shoulder peak at 350-450nm (Fig.2).
Among them, the kaoliang hull and alpinia blade sample
showed the largest ones. This is because essential oil and
pigment composition were included except that a
peculiar p-hydroxyphenolic unit to herbs was contained
for alpinia blades and kaoliang hulls[33].
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Fig.2 UV/vis spectra in neutral solution and ionization
difference spectra of herbaceous ligno-p-cresols.

3.5 TMA analysis of ligno-p-cresols
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Fig.3 TMA profiles of ligno-p-cresols.

As we reported before, the TMA curves of
ligno-p-cresols from bamboo and woody materials
revealed volume decreasing at  150-160 ‘C due to the
solid/liquid phase transition. The transition points of
bamboo ligno-p-cresols indicate higher values than
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wood ligno-p-cresols[29]. The polydispersity of bamboo
ligno-p-cresols (by GPC) is lower than wood materials.
Therefore this is based on the scarcity in low molecular
compositions that function as internal plasticizer.

The weight average molecular weight, the amount of
the combined cresols of three kinds of bamboo were
almost the same, and the phase transition point were not
admitted the great disparity, and were about 6,000, and
were 0.8 mol/Cy and 155 °C respectively. While,
lignophenols derived from alpinia culm, kaoliang culm,
and bagasse showed thermal liquidity as excellent as
bamboo, and the phase transition point was 150-170 °C.
On the other hand, the thermal liquidity of the the
aromatic compounds derived from alpinia blade and
kaoliang hull were low. It originated that a toroidal or a
straight-chain structure of the essential oil elements or
the pigment compositions exist, the steric hindrance was
caused when heating, so that the thermal liquidity was
decreased. These were all for the reason of essential oil
and pigment composition which were included in aplinia
blade and kaoliang hull connected with lignin body in
some shape. Moreover, all the ligno-p-cresols that had
been derived from bamboo and these five kinds of herbs
plant showed higher solid-liquid transition points
(20-40 °C higher) than wood samples through the
thermomechanical analysis (TMA). This result based on
the polydispersity of herbs ligno-p-cresols (by GPC) is
lower than wood materials, on the other hand the
amounts of hydroxyl groups are higher in herbs
ligno-p-cresols, it was also thought as the
intermolecularly linked hydroxyl groups made the
solid-liquid transition points high.

In summary, though the herbs plant resource such as
the alpinia, kaoliang, bagasses, and bamboos have been
hardly used at the molecular material level as a result of
examining the total characteristic of other five-kind
lignocellulosic resource so far. It was shown that
through the phase-separation system they can be
conversed into ligno-p-cresols and carbohydrates, the
molecular potential was equal to bamboo and woody
resources [30,31]. And the prompt growth, it updated in
addition, and was extremely useful as continued
lignocellulose formation body. The features of H-units
structure or essential oil and pigment compositions
structures connected with lignin body can be thought as
the addition of a useful monophenol etc. to the core
lignin by the ester linkage. The potential of herb
lignocellulosics as a sustainable molecule forming fields
is very huge. We can control the reaction process
according to purpose.
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New EFB Refining System Using Structural Units of EFB Lignin
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In order to achieve sustainable conversion of lignocellulosics through the phase-separation process,
p-hydroxybenzoic acid (p-HBA) attached to core lignin through ester linkage was used as a reagent for
lignin conversion. During the phase-separation treatment with p-HBA, the viscosity of reaction mixture was
higher, compared with the phase-separation treatment with p-cresol. By centrifugation of the reaction
mixture, the thick interfacial solid materials were formed. The yields of lignophenol, its low molecular
weight fraction (separated to the organic layer) and the interfacial solid fraction were about 30%, 30% and
40%, respectively. In case of phase-separation treatment with p-cresol, the yields of lignophenol and its
low molecular weight fraction (separated to the organic layer) were about 73% and 27%, respectively. The
peak ratio of phenol to guaiacol plus syringol in the pyrogram of lignophenol (p-HBA type) was higher
than those of lignophenol (p-cresol type) and Klason lignin. The peak of non-conjugated carbonyl group in
the FT-IR spectrum of lignophenol (p-HBA type) was higher than that of the material synthesized without
p-HBA. These results indicated that p-HBA was grafted to EFB lignin. The lignophenol (p-HBA type) had
higher thermal stability, compared with lignophenols (p-Cresol type). The interfacial solid material
between the organic and aqueous layers had higher thermal stability than sulfuric acid lignin. These results
suggest the formation of lignin network through p-HBA.

Key words: Oil Palm, EFB (Empty Fruit Bunch), Phase-Separation System, Lignophenol, Resource Circulation

1. INTRODUCTION Three mol / Cy of p-HBA were solvated to alkaline
EFB (Empty Fruit Bunch, Elaeis guineensis) has been treated EFB meals with acetone. Seventy-two wt %
discharged from palm oil indutry. The amount is 14 sulfuric acid [lg of meals / 10 mL of the acid] was
million tons / year [1]. The potential of EFB as industrial added to the solvated meals and the reaction mixture
raw materials and the characteristics of EFB lignin have was stirred vigorously. After 40 min, 10 mL of p-cresol
been formulated through the phase-separation system was added. The total reaction time was 60 min. The
[2-3]. EFB core-lignin consists of guaiacyl and syringyl reaction mixture was centrifuged. The organic phase was
units. p-Hydroxybenzoic acid (p-HBA) is linked to the added drop wise to 250 mL of diethyl ether. The
side chain of EFB lignin through ester linkage. The ester precipitate was dissolved with 80 mL of acetone. The
linkages were hydrolyzed easily. This result shows that insoluble fraction was removed by centrifugation and
p-HBA can be collected from original EFB meals and filtration. The soluble fraction was concentrated under
EFB lignophenol (lignin derivative synthesized by the reduced pressure until 10 mL. The concentrated acetone
phase-separation system). In place of phenols obtained solution was added drop wise to 200 mL of diethyl ether.
from petroleum, if p-HBA obtained from EFB itself can The insoluble fraction (1st ligno-p-HBA) was collected
be used for the conversion and separation of lignin and by centrifugation and dried with P,Os.
carbohydrate, the amount of the used petroleum can be The interfacial phase (Ist interfacial solid material)
reduced. was added to excess deionized water and collected by
In this study, the possibility of sustainable centrifugation. The material was washed with deionized
phase-separation system composed of p-HBA and acid water until no smelling p-cresol and dried with P,Os. In
was investigated. order to remove sugars and non-polymerized lignin part
of the washed material, the material was treated by 1step
2. EXPERIMENTAL process of the phase-separation system composed of
2.1 Preparation of alkaline treated EFB. p-cresol and 72 wt % sulfuric acid [2]. 2nd ligno-p-HBA
EFB meals (extractives-free, 80 mesh pass) were was separated and purified from the organic phase as
treated with 1.0 N NaOH [ 10 mg of lignin content / 4 described above. The 2nd interfacial solid material was
mL of 1.0 N NaOH solution] under N, condition at 40°C separated from the interface phase as described above.
for 96 hrs. After that, EFB meals were washed with hot 2.2.2 Conversion of alkaline treated EFB with p-cresol
water to pH 7 and dried at 40 ‘C. The alkaline treated (1 step process).
EFB were milled by mill [Retsch, ZM 100, 60 mesh In order to compare the roles of phenol derivatives for
screen]. The lignin contents of alkaline treated EFB conversion of lignin, the alkaline treated EFB was
were estimated [4]. converted by 1 step process composed of p-cresol and
2.2 Preparations of lignin derivatives. 72 wt % sulfuric acid. The lignophenol was separated
2.2.1 Conversion of alkaline treated EFB with p-HBA (2 and purified from the organic phase.

step process 1). 2.2.3 Conversion of alkaline treated EFB without
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p-HBA.

In order to compare the roles of p-HBA for lignin
conversions, the alkaline treated EFB was treated with
72 wt % sulfuric acid, followed by p-cresol treatment.
The lignin derivative was separated and purified from
the organic phase.

2.2.4 Conversion of alkaline treated EFB with only 72
wt % sulfuric acid (Klason method).

In order to compare the characteristics of the
polymerized materials, the EFB Klason lignin was
prepared by Klason method. The remained precipitate
was collected by filtration.

2.3 Analysis of lignin derivatives.

FT-IR spectra (KBr disks) of lignin derivatives were
determined by Spectrum TM GX FT-IR Spectrometer
(PERKIN ELMER). In order to measure molecular
weight, gel permeation chromatograms of lignophenols
were determined by LC-10 system with four columns
(KF801, KF802, KF803 and KF804) and UV detector
(280 nm). Tetrahydrofuran was used as the eluent. In
order to estimate grafted p-cresol contents, 'H-NMR
spectra of original lignophenols were determined in
CsDsN-CDCl; (1/3, v/v) on a JNM-A500 FT-NMR
SYSTEM and ALPHA FT-NMR Spectrometer (JEOL,
500 MHz). UV-Vis (in methyl cellosolve) spectra of
lignophenols were determined by a JASCO V-560
spectrophotometer. TMA profiles of lignophenols were
determined by a Seiko Instruments Inc TMA /
SS6100 [Rate: 2°C/ min, 50 ‘C-250°C (370°C), Flow:
N,]. TG profiles of lignophenols were determined by a
Seiko Instruments Inc TG / DTA 6200 (Rate: 2°C/
min, 50 °C-450°C, Flow: N,). In order to estimate the
compositions of lignophenols, lignophenols were
pyrolyzed at 550°C for 12 s, using a pyrolyzer (Frontier
Lab., PY-2020D) coupled to a gas chromatograph with
EI-MS detector (Shimadzu GC/MS-QP5050A, Carrier
gas: He). The gas chromatographs were fitted with an
007-1 column programmed from 90 to 280°C at 4°C
/min.

2.4 Conversions of lignin derivatives by neighboring
group participation reaction of grafted phenol
derivatives.

Lignin derivatives (5 mg) were dissolved in 0.5 N
NaOH (2 mL) and treated at 140 “C and 170 °C. After
reactions, the reaction mixture was acidified with 1 N
HCl to pH 2. The precipitations were collected by
centrifugation, washed with a small amount of water and
dried under P,Os. The average molecular weights of
lignophenols (2nd derivatives) were estimated by GPC.

3. RESULT AND DISCUSSION

The viscosity of reaction mixture in the conversion
with p-HBA was higher than that in the conversion with
p-cresol. After centrifugation of the reaction mixture in
the conversion with p-HBA, about 5 mm of the interface
layer between the organic layer and aqueous layer
appeared. The interfacial solid material did not disappear
even after treated by 2nd phase-separation treatment. In
case of the conversion with p-cresol, the centrifuge tube
had a thin layer. But the layer disappeared after 80 min
treatment. The yields of 1st ligno-p-HBA, 2nd
ligno-p-HBA and 2nd interfacial solid material were
18.6%, 8.91% and 37.7% of alkaline treated EFB lignin
(Acid insoluble lignin: 17.7%, Acid soluble lignin:

2.44%). In case of the conversion with p-cresol, the
yield of lignophenol (p-cresol type) was 73.3% of the
lignin. These results suggest that polymerized materials
of lignin and p-HBA are formed in the conversion
reaction. The amount of grafted cresol contents of Ist
ligno-p-HBA and lignophenol (p-cresol type) were
14.0 % and 27.4 %, respectively.

The FT-IR spectrum of lignophenol (p-cresol type)
from alkaline treated EFB did not have a peak of 1714
cm™ assigned to ester linkages and was similar to that of
hardwood lignophenol (Fig. 1). These results show that
ester linkages of p-HBA and p-coumaric acid in EFB
native lignin are hydrolyzed to give guaiacyl
(G)-syringyl (S) type lignin. The peaks of about 1700
cm™ assigned to non-conjugated carbonyl groups of
lignin derivatives synthesized with p-HBA (Fig. 1, c, d,
e and f) were higher than that of lignin derivative
synthesized without p-HBA (Fig. 1, f). The pyrogram of
Ist ligno-p-HBA mainly had the peaks of phenol,
o-cresol, p-cresol guaiacol and syringol. The peak ratio
of phenol for guaiacol plus syringol in the pyrogram of
Ist ligno-p-HBA was higher than those of lignophenol
(p-cresol type), Klason lignin and the lignin derivative
synthesized without p-HBA (Fig. 2). These results
indicate that p-HBA is grafted to EFB lignin at
o-position of p-HBA.

Transmittance (Arb. Unit)

i T T T T
4000 3000 2000 1500 1000 400

Wavenumbers (cm™!)

Fig. 1 FT-IR spectra of lignin derivatives. [a:
Lignophenol synthesized by 1 step process from
original EFB, b: Lignophenol synthesized by 1
step process from alkaline treated EFB, c: 1st
Ligno-p-HBA synthesized by 2 step process I
with p-HBA from alkaline treated EFB, d: 2nd
Ligno-p-HBA, e: 2nd Interfacial solid material, f:
Lignin derivative synthesized by the process
without p-HBA from alkaline treated EFB, g:
p-HBA.]

The ionization difference spectrum of 1st
ligno-p-HBA had a peak of about 365 nm, indicating
that 1st ligno-p-HBA has the conjugated system in the
molecule (Fig. 3).
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Fig. 2 Pyrograms of lignin derivatives. [a: Ist
Ligno-p-HBA synthesized by 2 step process I
with p-HBA from alkaline treated EFB, b:
Lignophenol synthesized by 1 step process from
alkaline treated EFB, c: Sulfuric acid lignin from
alkaline treated EFB, d: Lignin derivative
synthesized by the process without p-HBA from
alkaline treated EFB, 1: Phenol, 2: o-Cresol, 3:
p-Cresol, 4: Guaiacol, 5: Syringol, Conditions:
550 C, 12s.]

20

~1I5F

. — 0 L
[8a)]
A U_ b

200 300 400 500 600
Wavelength (nm)

Fig. 3 Ionization difference spectra of lignin
derivatives. [a: 1st Ligno-p-HBA synthesized by
2 step process | with p-HBA from alkaline
treated EFB, b: Lignophenol synthesized by 1
step process from alkaline treated EFB.]
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The TMA and TG profiles of 1st ligno-p-HBA and
lignophenol (p-cresol type) were shown in Fig. 4. The
phase transition points of 1st ligno-p-HBA and
lignophenol (p-cresol type) were about 205°C and
142°C respectively. The 10% weight loss point of 1st
ligno-p-HBA and lignophenol (p-cresol type) were about
253°C and 224°C, respectively. These results suggest
that the amount of C-C linkage and the intermolecular
interaction of Ist ligno-p-HBA are higher than those of
lignophenol (p-cresol type). Judging from TG profile of
Ist ligno-p-HBA, the kickback around 300°C in the
TMA profile of 1Ist ligno-p-HBA shows the
decomposition of the molecule.

0
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3 £
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Fig. 4 TMA (I )and TG (II) profiles of lignin
derivatives.[ a: Ist Ligno-p-HBA synthesized by
2 step process | with p-HBA from alkaline
treated EFB, b: Lignophenol synthesized by 1
step process from alkaline treated EFB.]

25 30 35 25 30 35

Retention time (min)

Fig. 5 GPC profiles of lignophenols and 2nd
derivatives. [ I : Ist Ligno-p-HBA synthesized
by 2 step process [ with p-HBA from alkaline
treated EFB, II: Lignophenol synthesized by 1
step process from alkaline treated EFB, a:
Original (non-treated), b: 2nd derivative (140 °C
treatment in alkaline solution), c: 2nd derivative
(170 °C treatment in alkaline solution).]
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Fig. 6 Variations of average molecular weights of
lignin derivatives for neighboring participation
reaction of grafted phenol derivatives. [€: 1st
Ligno-p-HBA synthesized by 2 step process I
with p-HBA from alkaline treated EFB, A :
Lignophenol synthesized by 1 step process from
alkaline treated EFB.]

The GPC profiles and the variations of average
molecular weights of 1st ligno-p-HBA and lignophenol
(p-cresol type) were shown in Fig. 5 and Fig. 6,
respectively. After 140°C and 170°C treatment of
lignophenol (p-cresol) with 0.5 N NaOH, the molecular
weight distribution was moved to right hand side with
increasing treatment temperature, indicating the
conversion into low molecular weight parts. In case of
Ist ligno-p-HBA, the molecular weight distribution
slightly changed. These results suggest that the lignin
molecules are tied up by p-HBA and the network
structures are formed through the phase-separation
treatment.

In order to compare the characteristics of high
polymerized materials, the TMA and TG profiles of 2nd
interfacial material and sulfuric acid lignin were
analyzed (Fig. 7 and Fig. 8). The volume of 2nd
interfacial material slightly decreased with the
decrease of weight. In case of sulfuric acid lignin,
the volume dramatically decreased with the
decrease of weight. These results suggest that as
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Fig. 7 TMA (1) and TG (II) profiles of 2nd
interfacial solid material.
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Fig. 8 TMA (I )and TG (1II) profiles of Klason
lignin obtained from alkaline treated EFB.

H;CO

‘1-,_{0

Fig. 9 Model structure of lignin/p;HBA hybrid.

the lignin molecules are tied up by p-HBA, the
degree of freedom of the lignin molecule decreases,
and the amount of C-C linkage in the molecule and the
intermolecular interaction increases (Fig. 9).

4. CONCLUSION

Through the phase-separation process with p-HBA,
lignin / p-HBA hybrid (ligno-p-HBA) was synthesized.
Lignin / p-HBA hybrids had higher thermal stabilities,
compared with lignin / p-cresol hybrids, suggesting the
formation of network structures through p-HBA.
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Response of lignophenols for oxidation and reduction systems
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Lignin is one of the most abundant renewable materials. It has perfect biodegradability in soil. This
biodegradation proceeds oxidatively and reductively. In order to utilize along the material flow in the
ecosystem, it is important to obtain information for oxidative and reductive responses of lignophenols, which
were synthesized through the phase-separation system. Lignocresol was synthesized from Hinoki cypress
(Chamaecyparis obtusa) through the phase-separation system with 72% H,SO, and p-cresol. Responses
under both oxidation and reduction environments were estimated by FT-IR, TGA and TMA. Both lignocresol
and wood meals were oxidized with sodium periodate. FT-IR spectra of oxidized lignocresol indicated the
formation of muconic acid type structures. FT-IR spectra of lignocresol derived from oxidized wood meals
indicated the phenolation of conjugated carbonyl structures. Thermal stability of lignophenols was improved

by the reduction treatments with sodium borohydride.

Key words: Lignin, Phase-separation system, Lignophenol, Oxidation, Reduction

1. INTRODUCTION

Lignin is one of the most abundant renewable materials
on the earth, accounting for approximately 25-35% of
the organic matrix of lignocellulosic biomass. It has high
potential as a feedstock for producing chemicals, fuels
and materials. Lignin has been mainly used as an energy
source in pulp and paper industries. During pulping
process at high temperature and pressure, structures of
lignin become complex. These random structures make
the utilization difficult as a functional polymer.
However, selective structural control of lignin can be
achieved through the phase-separation system, which
has been developed by Funaoka since 1988 [1-3].
Lignocellulosics are rapidly separated to water-soluble
saccharides and lignin derivatives with concentrated acid
and phenol derivatives under ordinary pressure at room
temperature through the system. The separated lignin
derivatives (lignophenol) have 1,1-bis(aryl)propane type
structures. Lignophenols also have several structural
characteristics. They are highly phenolic and very lightly
colored efc. Additionally, lignophenols were designed to
be able to control the functionalities such as molecular
weight. Lignophenols have been expected to be
effectively utilized as alternative resources to fossil
materials.

In order to utilize lignin along a material flow in the
ecosystem, it is important to obtain information for
oxidative and reductive responses. Lignin is biodegraded
in soil with creating various functions such as adsorption
of metallic ions or proteins. That degradation proceeds
oxidatively and reductively.

In this work, periodate oxidation and borohydride
reduction were applied to wood meals and lignophenols,
and the structural features of the resulting lignins were
discussed in the point of view of functionality control
for successive utilization. Generally periodate oxidation
has been used for estimation of phenolic hydroxyl
groups in lignin [4, 5]. One mole of methanol per mole
of phenolic hydroxyl group is released during the
oxidation. At this time, aromatic ring of lignin with
phenolic hydroxyl group was converted to muconic acid

type structures via o-quinone structure. Borohydride
reduction has been investigated for bleaching of pulp
[6, 9]. The combination of oxidation and reduction
might enable selective functionality control of
lignophenol.

2. EXPERIMENTAL

2.1 Synthesis of lignophenol

The chips of Hinoki cypress (Chamaecyparis obtusa)
were milled to 60 mesh. Extractives in the wood meals
were removed with benzene / ethanol =2 / 1 (v/v) using
Soxhlet system for 72 hrs. Lignocresol (LC) was
synthesized through the phase-separation system, using
two-step method (process 1) (Fig. 1). The wood meals
(50 g) were immersed in acetone solution of p-cresol

with concentration of 3 mol / phenylpropane units (Co
_OH _~__OH __OH

(=0 \ [~ (] -
NPy HCIOL
C-0-Auyl |
C-O-Alkyl | s p-cresol ) A
GG 72% H,80, ||
- - __|, - ‘OCH; | \.'OCH]
,\(\___.o ,\C.o
Fig. 1 Synthesis of lignophenols through the phase-
separation system with p-cresol and 72% H,SO,.
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Fig. 2 Periodate oxidation of lignin model.
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Fig. 3 Borohydride reduction of lignin.
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units). After evaporating acetone, 72% H,SO4 was
poured into the wood meals at 30°C. Then, the mixture
was stirred vigorously for 60 min. Then, the mixture was
poured into 2 L of de-ionized water with vigorously
stirring. Then the precipitation was washed until neutral.
After drying, the precipitates were dissolved in acetone,
and insoluble materials were removed by centrifugation
and filtration. The acetone solution was concentrated
under reduced pressure and added dropwise to excess
amount of diethyl ether with stirring. The precipitated
lignocresol was collected by centrifugation. After
evaporating and drying on P,Os, lignocresol was
obtained.

2.2 Periodate oxidation

Periodate oxidation was carried out, according to the
procedure by Funaoka (Fig. 2) [2]. Oxidation of wood
meals: A saturated sodium periodate (NalO,) solution
kept at 4°C (15 mL/g) was added to wood meals. The
suspension was homogenized and placed in a
refrigerator at 4°C with occasional stirring for 48 hrs.
After the treatment, the materials were filtered and
washed with cold de-ionized water. After freeze-drying
and drying on P,Os, oxidized wood meals were
obtained.

Oxidation of lignocresol: Lignocresol was dissolved in
glacial acetic acid (1 mL/100 mg), to which the sodium
periodate (NalOy4) solution (15 mL/100 mg) was added.
The reaction mixture was kept with occasional stirring at
4°C for 72 hrs. Then, it was added dropwise to an excess
amount of cold water with vigorous stirring and the
precipitated oxidized lignocresols were collected by
centrifugation and washed with cold water. After
freeze-drying followed by drying on P,Os, oxidized
lignocresol (OLC) was obtained.

2.3 Synthesis of lignophenols from oxidized wood
meals

Lignocresol was synthesized from oxidized wood meals
through the phase-separation system, using one-step
method. p-Cresol (10 mL/g wood) was added to wood
meals with stirring. After 10 min, 72% H,SO, (20 mL/g
wood) was added to the mixture and the vigorous
stirring was continued at room temperature for 60 min.
The separated cresol phase was added dropwise to an
excess of diethyl ether with vigorous stirring. The
precipitates were dissolved in acetone, and insoluble
materials were removed by centrifugation and filtration.
The acetone solution was concentrated under reduced
pressure and added dropwise to an excess of diethyl

Table I Yields of lignophenols.

Yields
(%) of wood meal (%) of Klason lignin*
LC 27.3 93.3
OLC 254 86.6
LCO 37.7 128.7
RLC 24.1 82.1
ROLC 22.7 71.3
RLCO 26.9 91.9

* Klason lignin means the amount of lignin in the plant.

ether with stirring. The precipitated lignocresol was
collected by centrifugation. After evaporating and
drying on P,0s, lignocresol derived from oxidized wood
meals (LCO) was obtained.

2.4 Sodium borohydride reduction

Lignocresol, oxidized lignocresol and lignocresol
derived from oxidized wood meals were dissolved in 0.1
N NaOH under a nitrogen atmosphere, to which sodium
borohydride (NaBH,) was added (Fig. 3). The reaction
mixture was kept with occasional stirring at room
temperature for 72 hrs. Then, it was acidified to pH 2
with 1 N HCI. The precipitates were collected by
centrifugation, washed until neutral. After freeze-drying
following by drying on P,0Os, reduced lignocresol (RLC),
reduced oxidized lignocresol (ROLC) and reduced
lignocresol derived from oxidized wood meals (RLCO)
was obtained.

2.5 Alkaline treatment of lignophenol

Lignocresol was dissolved in 0.1 N NaOH under a
nitrogen atmosphere. The reaction mixture was kept
with occasional stirring at room temperature for 72 hrs.
Then, it was acidified to pH 2 with 1 N HCI. The
precipitates (ALC) were collected by centrifugation and
washed until neutral.

2.6 Analytical methods

The structures of lignophenols were characterized by
Fourier Transformation Infra-Red spectroscopy (FT-IR),
Thermogravimetry analysis (TGA) and Thermo
Mechanical Analysis (TMA). FT-IR spectroscopy was
carried out on a Spectrum GX (Perkin Elmer Co.), using
the KBr pellet technique for sample preparation. TGA
was carried out by TG/DTA-6200 (SII Inc.) at a rate 2°C
min"! under 300 mL min" of N, flow. TMA was also
carried out by TMA-SS (SII Inc.) in the temperature
range 50-280°C at a rate of 2°C min™', using penetrating
technique for a measurement.
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Fig. 4 FT-IR spectra of lignophenols. (A) Lignocresol;
LC, (B) Reduced lignocresol; RLC, (C) Oxidized
lignocresol; OLC, (D) Reduced oxidized lignocresol;
ROLC, (E) Lignocresol derived from oxidized wood
meals; LCO, (F) Reduced lignocresol derived from
oxidized wood meals; RLCO
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3. RESULTS AND DISCUSSION
3.1 Yields of lignophenols
Yields of lignophenols were shown in Table 1. LC was

effectively synthesized from Hinoki cypress wood meals.

OLC was obtained in 93.3% yield from LC. In contrast,
LCO was obtained in 128.7% yield based on Klason
lignin. This would be attributed to large amount of
introduced p-cresol. Through the phase-separation
treatment after the oxidation, the phenolation for
conjugated structures in muconic acid type structures
occurred. However, LCO includes adsorbed p-cresol.
RLC, ROLC, RLCO were obtained in about 88%, 89%
and 71% yields, respectively. p-Cresol adsorbed on LCO
would be washed away during the reduction treatment in
the alkaline solution.

3.2 Structural characterization of lignophenols

FT-IR spectrum of LC had a sharp peak at 815 cm™,
assigned to C-H deformations (two adjacent) of cresol
(Fig. 4A) [2]. The spectrum of RLC reveals the presence
of less carbonyl structures in LC (Fig. 4B). OLC had
smaller peaks at 815 cm” and 1600 cm™ (Fig. 4C).
Moreover, it had a peak assigned to conjugated carbonyl
group at 1660 cm™'. These suggested that muconic acid
type structures were formed by the cleavage of aromatic
rings. The peak at 1740 cm™ indicated that OLC had
unconjugated carbonyl groups in Cy position. On the
other hand, LCO had weak absorption around 1660 cm’!
and sharp absorption at 815 cm’, indicating the

introducing of p-cresol to conjugated carbonyl structures.

By the reduction of OLC and LCO with NaBH,, only a
weak band remains around 1720 cm™ due to the slow
reactivity of the unconjugated carbonyl groups (Fig. 4D,
F) [7,8,9].

3.3 Thermal properties of lignophenols

The results of TGA were shown in Fig. 5. Tds and Td,,
of LC were observed at 175 and 242°C, respectively (Fig.
5A). On the other hand, OLC showed 191°C and 233°C
respectively. Due to molecular associate of carboxyl
groups in muconic acid type structures, thermal stability
was improved (Fig. 5B). However, the improvement
could be due to the loss of the certain parts during
oxidation treatment, which is the lower resistant fraction
under the heat condition. The weight loss of LCO was
observed at lower temperatures than LC (Fig. 5C). This
is attributed to adsorption of p-cresol at the surface of
LCO structures. Therefore LCO seems to have higher
adsorption ability. After the reduction with NaBH, in
alkaline solution, thermal stabilities of LC, OLC and
LCO were improved drastically (Fig. 5D, E, F).

The results of TMA were shown in Fig. 6. TMA profiles
showed that solid-liquid transition temperature of LC
was 157.7°C (Fig. 6A). This flux indicated that LC is a
liner-type polymer. OLC showed no fluidity, indicating
that thermal stability was improved as well as the result
of TGA (Fig. 6B). LCO has the transition point at 161°C
and remarkable swelling during the flux (Fig. 6C). This
swelling was due to the increase of viscosity. The
increase of viscosity is due to the improvement of the
interaction among molecules. Higher adsorption ability
of LCO can be accounted by this improvement. In
agreement with the results of TGA, reduced
lignophenols have higher thermal stability than before.
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Fig. 7 TGA and TMA profiles of ALC. (A) TMA (B) TGA

This improvement of thermal stability would be affected
by the amount of hydroxyl groups. Probably, reduced
lignophenols have high hydroxyl contents. Its hydroxyl
groups have some hydrogen bonds, which improve the
interactions among molecules. However, alkaline
treatments also effect on thermal stability. TGA and
TMA profiles of ALC were shown in Fig. 7. Tds and
Tdjowere observed at 281.1 and 298.5°C respectively.
The solid-liquid transition temperature was 194.2°C. The
improvements of thermal stability were in the same
range with reduced lignophenols. By alkaline treatment,
the linkage at Ca position such as benzyl aryl ether bond
can be cleaved. The low-molecular lignin fractions
eliminated during alkaline treatment would behave as an
internal plasticizer in lignophenol without alkaline
treatment. Therefore, the cleavages of the linkage at Co
position would improve thermal stability.

3.4 Proposed structures of lignophenols

Periodate oxidation of LC cleaves the aromatic ring, and
then muconic acid type structures are formed (Fig. 8A).
Through the phase-separation treatment after the
oxidation, conjugated structures are disappeared by the
introducing p-cresol (Fig. 8B). The main structures of
RLC are similar to LC because of a small amount of
carbonyl structures. After the borohydride reduction,
carbonyl groups in OLC and LCO are converted to
alcohol (Figs. 8C and D, respectively). Especially,
conjugated carbonyl groups are reduced rapidly than
unconjugated ones.

3.4 Potential of these materials as the feedstock
Lignophenols have been investigated as the feedstock
for bio-based products such as lignophenol-fiber
complex [3], dye-sensities solar cell [10], bioreactor
with enzyme-immobilized ability [3] efc. A unique
characteristic of OLC is to have the strong hydrogen
bonds due to many carboxyl groups, which can be
applied as the reinforcement such as adhesive reagent.
LCO has a high adsorption ability. This is expected the
application as controlled-release formulation. RLC,
ROLC and RLCO have high thermal stability. These
would be utilized as molded materials with thermal
process.
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Fig. 8 Proposed structures of lignophenols after oxidation
and reduction treatments. (A) OLC, (B) LCO, (C) ROLC,
(D) RLCO

4. CONCLUSION

The structural characteristics of lignophenols treated
under the oxidative and reductive environments were
mainly discussed with FT-IR. After oxidation, OLC had
muconic acid type structures. In the results by TGA and
TMA, these high thermal stabilities were observed. This
is due to hydrogen bonds between carboxylic groups.
LCO was obtained in higher yield from oxidized wood
meals. This is attributed to a high content of p-cresol.
The interactions between the molecules of LCO were
improved. Reduction treatments in alkaline solution
provided higher thermal stability. This would be due to
the increase of hydroxyl group. Alkaline treatments also
improved the thermal stability.

Oxidation and reduction treatments of lignophenols
create new functions. These results indicated that these
methods are effective for selective functionality control
along the material flow in the ecosystem. These methods
have the potential as new application of lignophenols.
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Rearrangement of Lignin Polymer Network with Lignin Precursors
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The exhaustion of petroleum oil has been concerned as the consumption of them increases. In
response to the trend, biomass resources, in particular lignocellulosics, recently attracts a lot of
attention as a substitute for petroleum oil. The phase-separation system accomplishes conversion
and separation of lignocellulosics into both carbohydrates and lignin based polymers by the
hydrolysis of carbohydrates and the phenolysis of lignin. Through the system under typical
conditions, native lignin is converted into linear type polymer (lignophenol) with p-cresol. In this
study, the phase-separation treatments with both p-coumaric acid (CA) and ferulic acid (FA)
were carried out. The lignin derivatives with CA and FA were distributed into the organic and
interface layers, termed L-CA/FA and I-CA/FA, respectively. Through the treatments with CA
and FA, most part of native lignins were derived as [-CA or I-FA, having black color and poor
solubility. The FT-IR spectra of these derivatives showed bands at 1715 and 1610 cm™ assigned
to unconjugated and conjugated carbonyl groups, respectively. These results suggested that
lignin derivatives were derived by rearrangement of lignin polymer network with CA or FA.

Key words: phase-separation system, lignophenol, lignin precursor, lignin polymer network, natural phenol

1. INTRODUCTION

Oil & Gas Journal (2007) showed that the reserve to
production ratio of crude petroleum is around 50 years
[1]. Furthermore, mass consumption of fossil fuels has
been considered to result in global warming, due to the
emission of greenhouse gases.

Lignocellulosics  consist ~ of  both  aliphatic
(carbohydrates) and aromatic (lignin) polymers, having
potential as chemicals comparable to petroleum.
However, since both polymers form a complex
interpenetrating polymer network, it is difficult to
separate them without disturbing original functions for
conversions and applications to chemical materials.

Although some methods to separate lignocellulosics
into carbohydrates and lignin have been developed, only
carbohydrates have been utilized for various applications,
such as wood pulps, chemical feedstocks, and food
products. On the other hand, since lignin is out of
control due to random rearrangement by conventional
methods, it has been scarcely utilized as materials except
thermal use until now.

The development of the phase-separation system by
Funaoka et al. [2-4] has overcome such problems. The
system accomplishes conversion and separation of
lignocellulosics into both carbohydrates and lignin based
polymers by the hydrolysis of carbohydrates and the
phenolysis of lignin under a mild condition. Through the
system, native lignin is converted into linear type
polymers (lignophenols) with phenol derivatives, such
as p-cresol, while carbohydrates are converted into
polysaccharides with low molecular weight [2].
Lignophenols has 1,1-bis(aryl)propane-2-O-arylether
type structures. Selectively grafted phenolic nuclei and
aromatic nuclei in lignin are equivalently connected at
benzyl positions, leading to hybrids with characteristics
of grafted phenols and lignin [5]. In other words,

739

characteristics or functions of derived materials can be
controlled by the phenols use in the system.
Applications of p-cresol, phenol, m- and p-ethylphenol,
p-n-propylphenol and guaiacol as grafted phenols in the
system have ever been studied [6].

In this study, 3-(4-hydroxyphenyl)-2-propenoic acid
(p-coumaric  acid, CA) and  3-(3-methoxy-4-
hydroxyphenyl)-2-propenoic acid (ferulic acid, FA)
were applied as grafted phenol in the system. They are
included in plant extractives from grass and covalently
linked to polysaccharides by ester bonds and to lignin
units by ester or ether bonds [7]. These natural phenols,
referred as lignin precursors, are bio-synthesized from
glucoses through shikimic acid pathway and converted
into cinnamic alcohol derivatives, constructing lignin
polymer via random coupling. Therefore, all-
lignin-derived materials can be produced by the
phase-separation treatment with CA or FA.

In this work, hinoki cypress (Chamaecyparis obtusa)
lignin was treated with CA, FA, and p-cresol by the
phase-separation processes using sulfuric or phosphoric
acid as aqueous solvent. By the treatment using sulfuric
acid, native lignins were converted into lignophenols
(ligno-cresol, ligno-coumaric acid and ligno-ferulic acid)
and interface fractions (interface-coumaric acid and
interface-ferulic acid). These lignophenols are described
respectively as L-cresol, L-CA and L-FA. These
interface fractions are described respectively as I-CA
and I-FA. In the case with phosphoric acid, lignin
derivatives are described as L-CAP/L-FAP for
lignophenols and I-CAP/I-FAP for interface fractions,
respectively. The characteristics of lignin derivatives
were analyzed by FT-IR, GPC, TMA and TGA.

2. EXPERIMENTAL
2.1 Materials and Preparations
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Wood chips of hinoki cypress (Chamaecyparis
obtusa) were ground to pass a 60-mesh screen using an
ultracentrifugal mill (ZM100, Retch, Germany). Then
extractives in the wood meal were removed with
ethanol/benzene (1:2, v/v) using Soxhlet system for 48 h,
and air-dried.

CA and FA were obtained from Tokyo Chemical
Industry Co., and p-cresol were obtained from Wako
Pure Chemical Industries, Ltd. Sulfuric acid (Wako Pure
Chemical Industries, Ltd., 97%) was diluted into 72%
with deionized water. 95% phosphoric acid were
prepared from o-phosphoric acid (Merck KGaA, 99%
solid).

2.2 Synthesis of L-cresol

Synthesis of L-cresol was carried out by the
phase-separation treatment (2 step process I) [6]. Three
mol/Cy units of p-cresol is dissolved in acetone and
allowed to penetrate within the extractive-free wood
meal (1 g) for 24 h. After evaporating acetone, 72%
sulfuric acid (10 mL) was added into wood meal sorbed
with p-cresol. Then the mixture was stirred vigorously
for 30 min at 30°C, followed by the addition of p-cresol
(10 mL) and further stirring for 20 min. After
centrifugation of the reaction mixture (3500 r.p.m., 25°C,
10 min), the mixture was separated into two layers in
centrifuge tube. The upper layer is organic phase and
another layer is aqueous phase. The organic phase was
dropped into diethyl ether in chilled conditions.
Precipitation in diethyl ether was picked up by
centrifugation and extracted with acetone. The
acetone-soluble material was purified by the above
procedure with diethyl ether, evaporated and dried on
P,0s, leading L-cresol (Fig. 1).

2.3 Syntheses of L-CA and L-FA

The extractive-free wood meals (1 g) were treated
with CA or FA by the process using 72% sulfuric acid,
like above (2.2). After centrifugation of the reaction
mixture (3500 r.p.m., 25°C, 10 min), the mixtures were
separated into three layers in centrifuge tube. The upper
layers are organic phase, the middle layers are insoluble
interface and other layers are aqueous phase,
respectively. The organic phases were treated by above
process with diethyl ether and acetone, leading 1% L-CA
or L-FA (Fig. 1). While the insoluble interfaces were
thrown into an excess amount of deionized water and
washed to around pH 7. After deacidified, the interfaces
were freeze-dried and dried on P,Os.

2.4 Second phase-separation treatment with interfaces
The dried insoluble interfaces with CA or FA
obtained through the above process (2.3) were
consecutively treated by the phase-separation process (1
step process) [6], to hydrolyze undegraded
carbohydrates and to release lignin derivatives.
p-Ethylphenol/benzene (7:3, v/v, 5 mL) was added to the
dried interfaces, followed by the addition of 72%
sulfuric acid (10 mL). The reaction mixtures were stirred
vigorously for 60 min at 30°C and centrifuged (3500
r.p.m., 25°C, 10 min), then three layers were obtained
like above. The insoluble interfaces and the organic
phases were treated as described above, leading
I-CA/I-FA and 2™ L-CA/L-FA, respectively (Fig. 1). In
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Fig. 1 Syntheses of lignin derivatives through the
phase-separation treatment with 72% sulfuric acid.
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Fig. 2 Syntheses of lignin derivatives through the
phase-separation treatment with 95% phosphoric acid.

this study, 2™ L-CA and L-FA were not analyzed.

2.5 Syntheses of L-CAP and L-FAP

Syntheses of L-CAP and L-FAP with phosphoric acid
were carried out by the phase-separation treatment (2
step process II) [6]. 95% phosphoric acid (10 mL) was
added into wood meal sorbed with CA or FA like above
(2.3), and then the mixtures were stirred vigorously for
60 min at 50°C. The reaction mixtures were thrown into
an excess amount of deionized water and washed to
around pH 7. After deacidified, the water-insoluble
materials were freeze-dried, dried on P,Os completely,
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Table I Yields of lignin derivatives with CA, FA and
p-cresol through the phase-separation system.

Yields of lignin derivatives

Used acid Lignin der. —
(% of wood) (% of Klason lignin)

1°'L-CA 2.7 8.5
2" L-CA 1.0 32
I-CA 445 141.1
H,S0, 15 L-FA 10.4 33.0
2" L-FA 2.4 76
I-FA 34.3 108.8
L-cresol 26.2 83.0
1% L-CAP 6.4 20.4
2" L-CAP 3.6 11.3
I-CAP 36.4 115.4
FsPOs 1S'L-FAP  11.8 375
2" L-FAP 8.9 28.3
I-FAP 215 68.0

and then extracted with acetone. The acetone-soluble
materials were purified by the above procedure with
diethyl ether, leading 1% L-CAP or L-FAP (Fig. 2).

The acetone-insoluble materials were evaporated and
consecutively treated by phase-separation process (1
step process) with p-cresol and 72% sulfuric acid, like
above (2.4). The treatment leaded I-CAP/I-FAP and 2™
L-CAP/L-FAP, respectively (Fig. 2). In this study, 2™
L-CAP and L-FAP were not analyzed.

2.6 Characterization of lignin derivatives

Characteristics of lignin derivatives were estimated by
Fourier Transform Infrared Spectroscopy (FT-IR), Gel
Permeation Chromatography (GPC), Thermo
Mechanical Analysis (TMA) and Thermo Gravimetric
Analysis (TGA). FT-IR was carried out on Spectrum
GX (Perkin Elmer Co.) in the wavelength range from
4000 to 400 cm™', using the KBr pellet technique for
sample preparation. GPC was carried out by LC-10
system (Shimadzu Co.) with four columns (KF801,
KF802, KF803, and KF804, Shodex Co.), using distilled
tetrahydrofuran after distillation with a flow rate of 1
mL/min. M,, and M, were determined based on standard
polystyrenes. TMA was carried out by TMA/SS6100
(SII Inc.) in a temperature range from 50 to 260°C at a
rate of 2 °C/min under N, flow, using penetrating
technique. TGA was carried out TG/DTA-6200 (SII
Inc.) at a rate of 2 “C/min under 300 mL/min of N, flow.

3. RESULT AND DISCUSSION
3.1 Presumable structures of lignin derivatives

Table I shows the yields of lignin derivatives with CA,
FA and p-cresol synthesized through the phase-
separation system with 72% sulfuric acid. Through the
treatments, the yields of L-CA and L-FA fell much
below that of L-cresol. In other words, most of native
lignins were obtained as I-CA or I-FA, insoluble in both
organic and aqueous phases. This result demonstrates
that I-CA and I-FA have consisted of undegraded (or
released) lignin and carbohydrate polymers. Interfaces
have black color and poor solubility for solvents such as
acetone, tetrahydrofuran, methyl cellosolve and
pyridine.

FT-IR spectra of lignin derivatives with CA and FA
(Fig. 3) show particular peaks for unconjugated carbonyl
groups around 1717 cm™ and for conjugated carbonyl
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Fig. 3 FT-IR spectra of lignin derivatives through the
phase-separation system with 72% sulfuric acid. (a) 1*
L-CA, (b) I L-FA, (c) I-CA, (d) I-FA, and (e) L-cresol.

groups around 1610 cm™. These peaks suggest the
presence of CA or FA in the molecules. Although, it is
not clear what combines to lignin-based polymer, since
lignin derivatives with CA and FA can trap other
solvents or  molecules intermolecularly, not
intramolecularly. Furthermore, these derivatives have
several types of bands around 800-900 cm’!, assigned to
C-H deformations in aromatic nuclei, indicating that
lignin derivatives with CA or FA can have random
linking pattern.

GPC profiles of both L-CA and L-FA (Fig. 4) showed
low elution peaks corresponding to CA or FA monomers,
demonstrating that CA and FA have combined with
lignin polymers with regard to L-CA or L-FA. Namely,
L-CA and L-FA would be derived by rearrangement of
lignin polymer network with CA or FA.

Fig. 5 and Fig. 6 are TMA profiles and TG curves of
lignin derivatives, respectively. TMA profiles show that
lignin derivatives with CA and FA have much lower
volume decrease than that of L-cresol. Additionally TG
curves show that L-CA and L-FA are more thermally
resistant than L-cresol. These results demonstrate that
both L-CA and L-FA are more thermostable than
L-cresol, because the rigid linkages in network structure
inhibit thermally degradation or release of polymer
structures. This confirms structural rigidity of these
derivatives. On the other hand, thermal behaviors of
I-CA or I-FA are characteristic; thermally degradation
(or release) of molecular structures is initiated at low
temperature and proceeds mildly. These results imply
that both I-CA and I-FA have constructed rigid network
polymer in which other solvents or molecules, could be
trapped like capsules.

3.2 Synthesis of lignin derivatives with phosphoric acid
As indicated above, most of native lignins were
derived as I-CA or I-FA through the phase-separation
treatment using 72% sulfuric acid. It is proposed that
strong acid accelerated excess cross-linking with CA
and FA in lignin network, because these phenols poorly
prevent electrophilic attack by proton to benzyl position
in lignin due to hydrophilic carboxyl groups. This
hypothesis suggested that strength of a used acid can
control the extent of cross-linking with CA and FA in
lignin network. Thus, the phase-separation treatments
using phosphoric acid, milder than sulfuric acid, were

41
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Fig. 4 GPC profiles of lignophenols through the phase-
separation system with 72% sulfuric acid. (a) 1% L-CA,
(b) 1% L-FA, and (c) L-cresol.

carried out (Fig. 2).

Yields of both L-CAPs and L-FAPs synthesized with
95% phosphoric acid were higher than that of L-CAs
and L-FAs synthesized with 72% sulfuric acid (Table I).
These results indicate that the extent of cross-linking
with CA and FA in lignin network depends on the
strength of a used acid. Additionally, FT-IR spectra of
these lignophenols (Fig. 7) show that both L-CAP and
L-FAP have similar structure to L-CA and L-FA,
respectively. In other words, L-CAP and L-FAP are also
expected to have network structures, such as L-CAs and
L-FAs synthesized with 72% sulfuric acid.

4. CONCLUSION

The phase-separation treatments of native lignins with
lignin precursors, CA and FA were carried out to
rearrange lignin polymer networks leading to new
functions. FT-IR spectra and GPC profiles indicated that
lignin derivatives through these treatments have linkages
with CA and FA intramolecularly. Furthermore, TMA
profiles and TG curves indicate that these derivatives
have higher rigidity and thermostability than L-cresol.
Through the phase-separation treatment using
phosphoric acid, the yields of lignophenols increased
due to limited cross-linking. These derivatives are also
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Fig. 6 TG curves of lignin derivatives through the
phase-separation system with 72% sulfuric acid. (a) 1*
L-CA, (b) 1* L-FA, (¢) I-CA, (d) I-FA, and (e) L-cresol.
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Fig. 5 TMA profiles of lignin derivatives through the
phase-separation system with 72% sulfuric acid. (a) 1%
L-CA, (b) 1*" L-FA, (c) I-CA, (d) I-FA, and (e) L-cresol.

expected to have network structures, such as that with
72% sulfuric acid.

These all-lignin-derived polymers with novel
characteristics can be utilized for various applications,
such as controlled-release membrane for manure and
medicines.
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CO, adsorption/desorption on mesoporous silica at various pressures
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CO; adsorption/desorption on zeolite X and mesoporous silica (MCM-41) was examined under high pressure

up to 950 kPa for carbon capture and storage (CCS). The pressure swing adsorption (PSA) method for CO2

separation and capture was used, because of its energy efficiency. In the range of 100-950 kPa, the amounts
of CO, adsorbed on MCM-41 and zeolite X were 14.6 wt% and 5.4 wt%, respectively. The amount of CO,
adsorbed on MCM-41 was 2.5 times greater than that of zeolite X with respect to atmospheric pressure.

Key words: CO, adsorption, PSA, atmospheric pressure, mesoporous silica, global warming

Introduction
In recent years, the CO, concentration in the
atmosphere has been increasing. It is commonly

considered that the increase in CO, concentration
contributes to global warming; therefore, it is very
important to reduce CO, emission. One effective method
to decrease CO, emission in the short term is CO, capture
from concentrated generation sources, such as thermal
power plants, steel plants and cement manufacturing
plants. Currently, conventional CO, capture methods are
chemical absorption, physical absorption, pressure swing
adsorption (PSA), membrane separation and hybrid
processes of these. The chemical absorption process
comprises a rotation of CO, absorption in amine solutions,
such as monoethanolamine (MEA) and
methyldiethanolamine  (MDEA), with  subsequent
dissociation by heating at 110-140 °C [1-4]. The PSA
method consists of a cycle of CO, adsorption on
adsorbents such as zeolite by increasing pressure, and
desorption by decreasing the pressure [5-7]. Recovery of
CO, by membrane processes is affected by the
transmission rates of other gases (e.g. CHy, N, etc.) and
the selectivity of CO, [8-9]. Hybrid methods using
membranes and amine solutions have been proposed as
improved technologies [10-12]. Underground CO,
storage is one method for the disposal of captured CO,,
and has been researched and assessed with respect to
safety and cost [13-14]. Some large-scale experiments
regarding underground CO, storage are soon to be
conducted in Japan. It is, however, necessary to reduce
the expense of carbon capture and storage (CCS).

In this study, the PSA method was selected for the
improved capture CO, with respect to small-scale and
energy efficiency. Zeolite has been conventionally used
as an adsorbent for the PSA method, and the process
requires a vacuum to release CO, from the adsorbent [15].
However, the energy required to produce the vacuum is
excessive; therefore, the process is not cost-efficient for
practical applications. A more energy-efficient method

would be to adsorb CO, at high pressure and extract it by
returning to atmospheric pressure, rather than by
evacuation of the air. Using this method, it was found that
the amounts of CO, adsorbed/desorbed on mesoporous
silica were twice as much as those on zeolite X at
100-950 kPa. In this paper, we report CO,
adsorption/desorption on mesoporous silica and zeolite X
under high pressures.

Experimental

Synthesis of Mesoporous Silica (MCM-41)

Mesoporous silica (MCM-41) was prepared by the
following procedure. Cetyltrimethylammonium bromide
(2.4 g), as a surfactant, was dissolved in 100 mL of
distilled water to prepare a 0.066 mol L™ solution,
followed by the addition of 12.4 mL of ethylamine. After
a homogeneous mixture was formed, 10 mL of
tetracthoxysilane (TEOS) was added dropwise to the
surfactant solution. The mixture was stirred for 5 h and
poured into a 100 mL Teflon bottle followed by heating at
100 °C for 48 h. The white product was washed using 1 L
of distilled water with centrifugation and then dried in air.
The sample was then calcined at 550 °C in a muffle
furnace under static air for 5 h [16-17].

Characterization of samples

The MCM-41 sample was evaluated using X-ray
diffraction (XRD; RINT 2100V, Rigaku Co.). The surface
areas and pore volumes of the samples were measured
using N, adsorption apparatus (NOVA, Quantachrome
Co.), prior to which the samples were degassed at room
temperature (25 °C) for 3 h, followed by heating at
110 °C (MCM-41) and at 330 °C (zeolite X) for 6 h.

CO; adsorption/desorption measurements

The amounts of adsorbed/desorbed CO, on the
MCM-41 and zeolite X (Mizusawa Co.) samples were
measured at 298 K using an automatic gas adsorption

743



744

CO, adsorption/desorption on mesoporous silica at various pressures

apparatus (Belsorp HP, Bel Japan). Before the CO,
adsorption test, the samples were deaerated under
vacuum at 110 °C for 2 h and the dry weight value was
used for the test.

Results and discussion

The XRD pattern of MCM-41 is shown in Figure 1.
Peaks were evident at 2.7, 4.7, 5.4 and 7.3°, which
confirmed the successful synthesis of MCM-41 [18].
Table 1 shows the characteristics of zeolite X and
MCM-41 obtained from the N, adsorption experiments.
The diameter of zeolite X and MCM-41 were determined
by SF method and BJH method, respectively. The BET
surface area of MCM-41 was 870 m® g, while that of
zeolite X was 490 m* g

8000
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™ 3000 |-
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1000 -
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Figure 1. XRD pattern of mesoporous silica (MCM-41).

CO, adsorption/desorption isotherms for MCM-41 and
zeolite X with respect to (a) the absolute pressure and (b)
atmospheric pressure (103 kPa) are shown in Figure 2.
The filled and opened symbols represent the amounts of
adsorbed CO, during the adsorption and desorption
processes. The CO, contents adsorbed on zeolite X and
MCM-41 at 900 kPa with respect to the absolute pressure
were 23 wt% and 18 wt%, respectively. However, with
respect to the atmospheric pressure, the amounts of CO,
adsorbed on zeolite X and MCM-41 were 5.4 wt% and
14.6 wt% at the same pressure, respectively. The amount
of CO, adsorbed on MCM-41 was approximately two and
a half times that on zeolite X at 900 kPa with respect to
atmospheric pressure. No hysteresis was observed in the
adsorption/desorption isotherms of zeolite X. In contrast,
the isotherms of MCM-41 exhibited a slight hysteresis.
The recovery rate of CO, was calculated by dividing the
amount of CO, desorption at different equilibrium
pressures by the adsorbed amount in the range of same
pressures. Considering the application of MCM-41 as a
CO, adsorbent for PSA, hysteresis effects are problematic,
as they would cause a decrease in the recovery rate of
CO;.

The experimental results lead us to two possible
speculations. (i) The average pore size of zeolite X was
1.5 nm, so that CO, was easily adsorbed into the large
amount of micropores by capillary tube condensation
under vacuum state. However, MCM-41 had an average
pore size of 3.1 nm; therefore, it was difficult for CO,
molecules to enter the pores at around 100 kPa compared

Figure 2. CO,
MCM-41 and zeolite X at 298 K with respect to (a)
absolute pressure, and (b) atmospheric pressure.

Table 1. Characteristics of zeolite X and MCM-41 from
N, adsorption. (Pore diameters of zeolite X and MCM-41
were calculated using the Saito-Foley (SF) method and
Barrett-Joyner-Halenda (BJH) methods, respectively.
Surface areas were calculated  using the
Brunauer-Emmett-Teller (BET) method.)

Zeolite X MCM-41
Pore Diameter (nm) 1.5 3.1
Total Pore Volume (cm’ g™) 0.252 0.908
BET Surface Area (m’g”) 490 870
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to zeolite X. However, more CO, molecules could be
forced into the pores of MCM-41 with increasing
pressure. It was speculated that the amount of CO,
adsorbed on zeolite X would remain at approximately the
same level at more than 900 kPa. On the other hand, the
amount of CO, adsorption on MCM-41 would increase
until the total pore volume became saturated as the
equilibrium pressure increased. The total pore volume of
MCM-41 was larger than that of zeolite X (Table 1), so
that there would be space for CO, molecules to adsorb.
(i) CO, molecules can move more easily into zeolite X
pores, because it has a three-dimensional pore shape.
However, MCM-41 has a one-dimensional pore form [17,
19]. These different pore shapes have an effect on the
distinct type of adsorption. From these speculations,
adsorbents with large pore size, large total pore volume
and the type of pore shape could be utilized for the
adsorption/desorption of large amounts of CO, above
atmospheric pressure.

In CO, adsorption/desorption, there is also the
possibility of electronic interaction between the surface
atoms of solids and CO, molecules [20]. The surface of
MCM-41 consists of silicon (Si), oxygen (O) and
hydroxyl radical (OH). Zeolite X consists of Si,
aluminum (Al), O and cation such as sodium (Na") and
calcium (Ca"). Hydroxyl radical would presumably be
available on the surface of zeolite X. Considering the
electron configuration of each element or hydroxyl group,
the surface electric states of MCM-41 and zeolite X are
different. The presence of hysteresis effects in isotherms
may be due to pore shape or to the different surface
electronic states of adsorbents. Therefore, it would be
necessary to examine the effect of the surface electronic
states of adsorbents on CO, adsorption/desorption in
future research.
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Hydrogen Generating Gel Systems Induced by Visible Light and Application to
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We tried to achieve artificial photosynthesis systems by using gel to generate hydrogen when
visible light and water are supplied. Three types of gels involving electronic transmission
circuit with sensitizer, electron acceptor and catalyst were designed and the amount of generated

H, gas was measured.

In the gel systems, hydrogen was generated more efficiently than in the

solution systems, and all the functional groups constructed in the gel network worked effectively

and cooperated each other to generate hydrogen.
Key words: gels, colloids, photosynthesis, hydrogen

Introduction
Toward the hydrogen-energy society, researches
on artificial photosynthesis have been done

enthusiastically by using organic and inorganic materials.

Grétzel et al. have devised the reaction circuit for solar
energy conversion,'! which consists of multi-electronic
redox reactions to generate hydrogen and oxygen when
visible light and water are supplied. But it was difficult
to operate this circuit in an aqueous solution because
each chemical component is randomly distributed in the
medium. Therefore, many researchers have tried to
realize this circuit by systematic design using vesicle,
micelle, antibody, solid phase, etc. In addition,
molecular arrangements for each component have been
attempted by using supramolecules such as dendrimers
and fullerenes to improve the intramolecular
electron-transfer.  In these studies, linking of the
multiple functional molecules enabled long-lived charge
separation  between the  sensitizer and the
electron-acceptor. However, these systems are still
incomplete and the conversion efficiency is low to
generate hydrogen mainly because the components do
not coordinate in the mediums due to self-quenching
which significantly occurs at high concentration.

In order to overcome the self-quenching of the
photoexcited state, in this study, we used polymer gel as
a medium. Gel is a soft and wet material and defined
as a crosslinked-polymer network involving solvent. It
is possible to arrange functional groups in the network
and control molecular behavior by the network.
Besides, by using stimuli-responsive polymer, it is
possible to control network structure dynamically by
external stimuli. Here, we designed functional gels
involving the reaction circuit to generate hydrogen when
visible light and water were supplied (Fig. 1). By
irradiating visible light to the gel, the functional groups
constructed in the polymer network decompose water
and generate hydrogen. In the gel systems, the
necessary components are not dispersed like solution
systems. The Pt catalyst is trapped as a nanoparticle in

—
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v2+
EDTAox

EDTA

" (sensitizer) (acceptor)
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- |
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poly(NIPAAm-co-Ru(bpy),-co-viologen) gel

surfactant-Pt
nanoparticle

Figure 1. Mechanism of hydrogen generating gel systems
using poly(NIPAAm-co-Ru(bpy);-co-viologen) gel.

Table I. Components of L and G systems.

System Gel Outer solution
L - EDTA/Ru(bpy)s**/MV**/Pt NPs
G1 PNIPAAm gel containing Pt NPs EDTA/Ru(bpy)s* /MV*
G2 Poly(NIPAAm-co-Ru(bpy)s) gel containing EDTA/MV**
Pt NPs
G3 Poly(NIPAAm-co-Ru(bpy)s-co-viologen) EDTA

gel containing Pt NPs
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the network, and the sensitizer and the acceptor units are
arranged in the gel network organically. The Pt
nanoparticles are prepared by using anionic surfactant as
a protector. Thus, we designed the electronic
transmission circuit to operate smoothly by close
arrangement of molecules and by utilizing electrostatic
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interaction between the cationic molecules and the
anionic surface of Pt nanoparticle. ~ As a result of
immobilization of cationic molecules and catalyst with
negative surface in gel systems, the multivalent
interaction between them enhances the electronic
transmission to generate hydrogen.

In order to construct such a gel system, the
necessary components were introduced one by one.
Three types of gel systems (G1 ~ G3), that is, microgel
suspension composed of microgels and reactants in the
aqueous phase are prepared (Table I). Each function
was verified by visible light irradiation.

Experimental

Materials.  N-isopropylacrylamide (NIPAAm;
Wako Pure Chemical Industries, Co., Ltd., Osaka,
Japan) was purified by recrystallization from its toluene
solution with hexane.
Ruthenium(4-vinyl-4-methyl-2,2’-bipyridine)bis(2,2’-bi
pyridine)bis(hexafluorophosphate) (Ru(bpy); monomer)
was synthesized according to previous work.”] N-8
-acrylamidoethyl-N’-n-propyl-4,4’-bipyridinium
bromide chrolide (viologen monomer) was synthesized
according to the procedure reported before. Other
reagents were used without further purification.

Preparation of Gels.  Firstly, surfactant-modified
Pt nanoparticle was prepared by alcohol reduction
method with chloroplatinic acid (H,PtCls*6H,0)(Wako
Pure Chemical Industries, Co., Ltd., JAPAN), reactive
surfactant®®*! (S180A)(Kao Co., JAPAN) as a protector
and ethanol-water mixed solvent. The diameter of
surfactant-modified Pt nanoparticle was about 1.7 nm
from the observation of transmission electron
microscopy (TEM). Secondly, NIPAAm, Pt-colloidal
suspension, Ru(bpy); monomer, viologen monomer, and
N,N’-methylenebisacrylamide as a cross-liker were
dissolved in ethanol. Under nitrogen atmosphere for
20 min, 2,2°-azobis-2-2,4-dimethylvaleronitrile as an
initiator were added to this pre-gel solution. The
microgels were prepared by suspension polymerization
using liquid paraffin as oil phase. After gelation, they

were thoroughly washed to remove unreacted
compounds. The diameter of the
poly(NIPAAm-co-Ru(bpy);-co-viologen) microgel

containing Pt nanoparticle at swollen state (20 °C) in
water was about 300 pm from optical microscopy
observation.

Measurements of H, generation for Gel Systems.
Three types of gel systems (G1~G3), that is, microgel
suspension composed of microgels and reactants in the
aqueous phase are prepared as follows (Table I). The
PNIPAAm microgel containing Pt nanoparticle (50 mg)
was dispersed in the mixture (3.0 ml) of Ru(bpy)s>" /
methylviologen (MV?") / ethylenediaminetetra acetic
acid (EDTA) (the Gl system). Similarly, the
poly(NIPAAm-co-Ru(bpy);) microgel containing Pt
nanoparticle was dispersed in the mixture of MV?>" /
EDTA (the G2 system), and the
poly(NIPAAm-co-Ru(bpy);-co-viologen) microgel
containing Pt nanoparticle was dispersed in EDTA
solution (the G3 system). These microgel suspensions
were stirred sufficiently at 20 °C for 1 day, and then
visible light was irradiated by using a 100 W halogen
lamp (TECHNO LIGHT KTS-100RSV, Kenko). At

given times, the absorption spectra was measured by
UV-vis spectrophotometer (UV-2500PC, SHIMADZU),
and the generated gas was collected and analyzed by gas
chromatography (GC-8APT, SHIMADZU).

Result and Discusson

When the G1 system was irradiated by visible
light, absorption strength caused by MV’ increased.
Abilities to sensitize and accept electron in the Gl
system was confirmed. Simultaneously, the bubbles
were generated continuously (Fig. 2a). Hydrogen was
generated by way of Pt nanoparticle in gel. It was
indicated that water decomposition by visible light in gel
was possible. The amount of generated H, gas in the
G1 system was compared with that of homogeneous
solution system (L) at 20 °C (Fig. 2b). Under the same
concentration for all components, G1 generated H, gas
more efficiently by 1.5 times than L. It was considered
that this result was caused by concentration of Pt
nanoparticle in the network of the gel and improvement
of electron transmission efficiency by (i) enrichment of
Pt nanoparticles in gel phase, (ii) stable dispersion of Pt
nanoparticles in the gel, and (iii) physical effect of
polymer chain to the electronic transmission.

In the gel systems, PNIPAAm was used as main
chain, a thermo-responsive polymer. The relation
between the temperature and hydrogen generation was

a) bubbles

+hy

-)

microgel
suspension

o
-

Amount of generated Ho gas [umol]

Time [h]

Figure 2. a) Color change of microgel suspension and
the bubbles generation. b) H, generation for solution
and microgel systems. L1: Pt colloidal suspension
([Pt] = 0.017 mM) and the mixture [A] ([Ru(bpy)32+] =
0.050 mM, MV>" = 5.0 mM, [EDTA] = 50 mM). Gl:
Pt nanoparticles in PNIPAAm gel (50 mg) and the
mixture [A].
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investigated. By irradiating visible light to the G2
system under stepwise temperature changes between 20
°C and 40 °C, the amount of generated H, gas changed
remarkably (Fig. 3). When the gel was in swelling
state (20 °C) with hydrophilic environment, electron
transmission occurred smoothly and H, gas was
generated. On the other hand, when the gel was
shrinking state (40 °C) with hydrophobic environment,
decreased diffusivity in gel and skin layer of gel stopped
electron transmission and H, generation. Thus, by
changing temperature, on-off control of H, gas
generation was possible. This function is useful for the
stopper of the over generation.

a)

Concentration of Hy [%]
w
-~
-
[

40C 40C

————@
0 1 2 3 4 5 6
Sampling number

Figure 3. H, generation by photocatalytic reaction
under stepwise temperature change between 20 °C and
40 °C. Sampling number: (0) before irradiation (20
°C), (1) cumulative amount of H, gas during 0 ~ 2 h (20
°C),(2)2~4h(40°C),(3)4~6h(20°C),(4)6~8h
(40 °C) after irradiation.

In the G3 systems, the viologen unit was also
introduced in the gel network. By irradiating visible
light to the system, absorbance at 603 nm originating
from viologen radical at reduced state increased and the
color of microgels changed from orange to blue green.
This suggested that electrons actually transmitted from
Ru(bpy); unit to viologen unit constructed in the
network (Fig. 4a).  Moreover, H, gas generated
continuously. This result means that electrons
transmitted effectively to generate H, gas among three
components constructed in the gel (Fig. 4b).

In future, by coexistence of catalyst for O,
generation such as RuO,, it would be possible to
construct gel systems performing complete artificial
photosynthesis to generate both of hydrogen and oxygen
when visible light and water are supplied. They are
necessary for fuel cells and the gel systems are useful as
a solar energy-conversion system.

Conclusions

Firstly, Pt nanoparticle as a catalyst was
immobilized in PNIPAAm gel Hydrogen was
generated more efficiently in the gel system than in
solution system. Secondly, Pt nanoparticle and
Ru(bpy); complex as sensitizer was immobilized and
copolymerized in the gel. By changing temperature,
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Figure 4. a) Change in absorption spectra for the
mixture of poly(NIPAAm-co-Ru(bpy)s-co-viologen)
gel containing Pt nanoparticles and EDTA. b) The
amount of generated H, gas for the G3 system.

the amount of generated H, gas could be controlled
because diffusivity of components in the gel was
changed remarkably. As well as Pt nanoparticle and
Ru(bpy); complex, viologen as acceptor was
copolymerized in the gel. By irradiating visible light to
poly(NIPA Am-co-Ru(bpy);-co-viologen) gel containing
Pt nanoparticle, electron was transmitted effectively and
hydrogen was generated.
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Aqueous polyaniline (PANI)/poly(4-styrenesulfonic acid) (PSS) was prepared by chemical

oxidative polymerization in PSS

solution.

The electrochemical,

spectroscopic and

electrochromic (EC) properties of PANI/PSS spin-coated films have been investigated. The EC
devices consist of emeraldine salt (ES) form of PANI/PSS films on the both of display and

counter electrodes.

Since ES can be oxidized or reduced to produce pernigraniline (PS) or

leucoemeraldine salt (LES), respectively, each reaction takes place at the both electrodes and
such a low driven voltage of 0.8 V has been achieved. The color of the display electrode shows

green at no bias and is turned to dark blue at the bias.

response time, were characterized.

The EC properties, such as contrast and

Key words: conductive polymer, polyaniline, poly(4-styrenesulfonic acid), electrochromic device

1. INTRODUCTION

Conducting polymers have some attractive features,
such as conductivity, electric charge, semiconducting
behavior and electrochromic phenomenon to expect
application to organic electronic and photonic devices.
The electrochromic behavior takes place for the color
change corresponding to the redox state of conducting
polymers [1]. The conducting polymers are generally

modified on the display electrodes and the
electrochemical oxidation and reduction of the
conducting polymers cause the color change. However,

the opposite reaction is needed on the counter electrode
to lead to electrochromic behavior reversibly. We
assume that polyaniline (PANI) is suitable for this
requirement because PANI has three redox states, which
are fully reduced leucoemeraldine salt (LES), partially
oxidized emeraldine salt (ES) and fully oxidized
pernigeraniline (PS) [2]. Moreover, the three redox
states of PANI are known to show different color, which
are yellow green, green and dark blue at LES, ES and PS,
respectively. Therefore, when ES state of polyaniline
is employed as the both display and counter electrodes,
the operational voltage becomes low to compare with a
bare counter electrode. PANI is one of the most
frequently investigated conducting polymers because of
ease of chemical and electrochemical polymerization,
chemical stability and inexpensiveness. = However,
PANI has less processability for infusible and insoluble
into common organic solvents except a few solvents,
such as N-methyl-2-pyrrolidone (NMP) [3] and formic
acid [4]. Attempts to make PANI soluble into organic
or aqueous solvents have been carried out by many
researchers [5-7]. Recently, we have reported that
PANI/dodecylbenzenesulfric acid (DBSA) polyion
complex is soluble into chloroform and forms LB film
[8] and EC property [9]. In this study, aqueous
polyaniline was prepared by chemical oxidative
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polymerization of aniline monomer in PSS solution.
We think that the aqueous PANI/PSS is more
environment-friendly than the organic solvent-soluble
polyaniline derivatives. The electrochemical and
spectroscopic characterization was performed by cyclic
voltammetry and UV-vis absorption spectroscopy.
Moreover, we fabricated EC devices composed of the
same PANI/PSS films at the both of display and counter
electrodes. ~ The PANI/PSS film EC device was
characterized by spectroelectrochemistry.

2. EXPERIMENTALS

Aqueous PANI/PSS solution was typically prepared
by chemical oxidative polymerization of 2.52 mmol
aniline in 33 mM HCI solution including 2.50 mmol
poly(4-styrenesulfonic  acid) wusing 2.72 ~mmol
ammonium peroxodisulfate as an oxidant at 0 °C for
overnight. The PANI/PSS films on ITO electrodes
were prepared by spin-coating of the aqueous PANI/PSS
solution at 500 rpm. The resulting film thickness was
determined to be 210 nm from the cross-section
observed by profilemeter. UV-vis absorption spectra
and electrochemical spectroscopy were measured with
Hitachi U-2800 spectrometer. Cyclic voltammetry was
carried out by three electrode cell which was composed

PSS

Fig. 1 Chemical structures of polyaniline
(PANTI) and poly(4-styrenesulfonate) (PSS).
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of the PANI/PSS film on an ITO electrode as a working
electrode, Ag/Ag" electrode as a reference electrode and
Pt wire as a counter electrode in the potentiostat
(Princeton Applied Research VersaSTAT3) in 0.1 M
tetrabutylammonium hexafluorophosphate (TBN'PFy)
as an electrolyte acetonitrile (AcCN) solution with 50
mM H,S0O,. Current-voltage curve was carried out by
two electrode cell which was composed of two
PANI/PSS films on ITO electrodes as a display
electrode and as a counter electrode in the potentiostat.
Electrochemical spectroscopy was carried out by
insertion of EC devices into quartz cell and the source
meter (Keithley 2400) in 0.1 M TBN'PFy AcCN
solution with 50 mM H,SO,.

3. RESULTS AND DISCUSSION

Color of the reaction solution after addition of the
oxidant gradually started to turn to light green within 10
min and become dark green after 40 min. Since the
resulting solution is viscous but does not include any
precipitate, aqueous PANI/PSS polyion complex were
formed. We think that formation of polyion complex
between insoluble PANI polycation and soluble PSS
polyanion makes PANI/PSS soluble in water. UV-vis
absorption spectrum of the aqueous PANI/PSS solution
is shown in Fig.2. The spectrum of PANI/PSS in
aqueous solution exhibits three typical bands at 750, 430
and 350 nm, which are assigned to polaron transition
and m-7* transition, respectively, indicating that the state
of PANI is emeraldine salt. The PANI/PSS films were
prepared by spin-coating of the aqueous PANI/PSS
solution on ITO electrodes. The prepared film is
uniform with green color. The film dissolves in water
but does not in AcCN. So, the electrochemical
properties of PANI/PSS films were investigated by
cyclic voltammetry in 0.1 M TBN'PFg AcCN solution
with 50 mM H,SO, as shown in Fig. 3. The
voltammogram shows that the open-circuit potential of

PANI/PSS film is 0.55 V vs. Ag/Ag’, indicating ES state.

It’s also a surface wave voltammogram, indicating that
PANI/PSS film is stable on ITO electrode in AcCN
solution. In fact, the peak currents do not depend on
the root square of the scan rate but are proportional to
the scan rate. The voltammogram shows that three
anodic peak currents appear at 0.52, 0.74 and 0.88 V vs.
Ag/Ag', assigned to LES/ES, degradation products such
as p-benzoquinone and ES/PS couples, respectively [10,
11]. The shape of the voltammogram is not changed

Absorbance

300 400 500 600 700 800
Wavelength, nm

Fig. 2 UV-vis absorption spectrum for aqueous
PANI/PSS solution.

0 0.2 0.4 0.6 0.8 1 1.2 14
Potential V vs. Ag/Ag”

Fig. 3 Cyclic voltammogram for PANI/PSS film
on ITO electrode in 0.1 M TBN'PFs, AcCN
solution with 50 mM H,SO, at the scan rate of
20 mV/s.

by repeating cycles of the potential scan, indicating the
electrochemical reversibility of PANI/PSS film and
stability of the film.

The EC device composed of PANI/PSS films on the
both of display and counter electrodes is found to be
operated at such a low voltage of 0.8 V. The
Current-voltage curves (Fig. 4) show charging and
discharging behavior like a capacitor with stable
repeating cycles. The charging current results from the
oxidative reaction from ES to PS at the display electrode
and the reductive reaction from ES to LES at the counter
electrode of the EC device. Thus, color of the display
electrode turned form green to dark blue.  The
discharge current results from the reduction from PS to
ES at the display electrode and the oxidation from LES
to ES at the counter electrode of the EC device. Thus,
color of the display electrode returned form dark blue to
green. Meanwhile, there is almost no charging current
at both of bare ITO electrodes because no redox species
exist on the electrodes. Even, at the EC device using
bare ITO as the counter electrode, the operating voltage
is needed to be 1.8 V. This large difference in the
operational voltage between PANI/PSS film on ITO
electrode and bare one as a counter electrode is due to
whether the opposite reaction is compensated at the

N
o

Current pA/cm2
8 o

IN
o

fo2}
o

o]
o

0 0.2 04 0.6 0.8
Bias voltage, V

Fig. 4 Current-voltage curves of EC device
using PANI/PSS film (solid line) and bare
(dotted line) ITO electrodes at the scan rate of
50 mV/s.
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100

T, %

400 450 500 550 600 650 700 750 800
Wavelength, nm

Fig. 5 Transmittance spectra of EC device
composed of PANI/PSS films applied at 0.0 V
(solid line) and 0.8 V (dotted line).

counter electrode. = The opposite reaction that is
reducing reaction from ES to LES occurs at small
overpotential at the PANI/PSS film, whereas a large
overpotential is needed to take place the reducing
reaction which might be reduction of AcCN solvent,
electrolyte or cathodic deposition of indium oxide at the
bare ITO electrode.

The transmittance spectra of the PANI/PSS film on
ITO electrode as a display electrode of the EC device
applied at the voltage bias of 0 V and 0.8 V is shown in
Fig. 5. The spectrum of the EC device at the zero bias
indicates two typical absorption bands at 430 and 750
nm, which are assigned to m-m* transition and polaron
transition, respectively, indicating that the state of PANI
is emeraldine salt [2]. The absorption peak at 750 nm
is blue-shifted to 660 nm and the absorbance at 430 nm
decreases when the EC device is applied at the voltage
bias of 0.8 V. The spectrum obtained at the voltage
bias of 0.8 V is not fully oxidized polyaniline but more
oxidized state than emeraldine salt. The visible color
change takes place from green at 0 V to dark blue at 0.8
V. In order to investigate the electrochromic switching
characteristic, the wavelength of 637 nm where the
difference in the transmittance is the largest value of
36 % is selected. The electrochromic switching is
measured by monitoring the transmittance at 637 nm at
the EC device applied at the step voltage between 0 V
and 0.8 V during the interval of 10 sec (Fig. 6). The
shape of transmittance response is almost corresponding
to that of the step voltage. This switching is especially
stable with little change in the transmittance during
every step voltage cycles. The response time for 90 %

90 25
80
2
70 >
)
60 S
B 15 8
.50 R &)
= >
or -
30 @
20 {05
10
0 0
0 30 60 90 120 150
Time, sec

Fig. 6 Electrochromic switching between 0.0V
and 0.8 V at 637 nm.
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full transmittance changes is about 2 sec, which is quite
fast.

4. CONCLUSIONS

We have prepared aqueous polyaniline by chemical
oxidative polymerization in PSS solution. We
demonstrate that the EC devices using PANI/PSS films
on the both of display and the counter electrodes show
lower driven voltage of 0.8 V and reversibility. The
electrochromic properties are obtained to be the
transmittance change of 36 %, the switching time of 2
sec. We expect that the aqueous PANI/PSS is one of
candidate for EC materials.
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Sputtering In,O3-ZnO on the glass substrate by the DC magnetron method and annealing,
granular films were obtained. Controlling the carrier density by the frequency and the power of
the light, the carrier density and the mobility were measured by the Hall effect for the high
resistance films (180kQ - 32GQ). For the samples with the ZnO concentrations 0, 0.5% and 1%
(wt), the mobility increases with the carrier density. For the samples ZnO 2% and 3%, the

variation of the mobility is relatively small.

Key words: hall effect, transparent conducting film, polycrystalline, photoconductivity

1. INTRODUCTION

The wide band gap semiconductor In,05-ZnO films
are used as the transparent conducting films for liquid
crystal displays and solar cells[1,2]. The measurements
of the mobility x and the carrier density » are important
for these applications. The temperature dependence of u
in amorphous In,0;-ZnO is explained by the electron -
phonon scattering, the electron-electron interaction and
weak localization[3,4,5]. On the other hand, the
conductance enhancements due to lights have been
reported in various metal oxide semiconductors such as
titanium oxides[6,7,8], zinc oxides[9,10,11] and indium
oxides[12]. P. Gorm at el. have reported the influence of
visible lights on transparent indium tin oxide thin
films[13]. Controlling n by the ZnO concentrations and
the frequency and the power of the light, we investigate
the mobility and the carrier density by the special high
resistance hall measurement technique. There are few
studies about the hall measurements of the high
resistance materials over 100MQ[14]. We describe the
hall measurement technique and their results in this

paper.

2.EXPERIMENTAL METHOD

Sputtering In,0;-ZnO on glass substrates by the DC
magnetron method, amorphous films with 25 nm
thickness were obtained. By annealing, these films were
crystallized and oxygen defects decreased and the
conductance decreased. On the other hand, applying
light to films, we can increase the carrier density.
Controlling n by ZnO concentration and the frequency
and the power of the light, the n dependence of p is
measured by the Hall effect. The schematic of the
equipment is shown in Fig.1. The each terminals are
insulated by Polytetrafluoroethylene (PTFE). The
magnetic fields are induced by the normal conducting
electromagnet ESR-360MR by JEOL Ltd. The normal
conducting electromagnet was cooled by water. For the
inversion of the magnetic field, we rotated the sample
holder. The lights are emitted by LEDs listed in the

755

Table 1. The sapphire plate insulates the sample film
from the aluminum die casting shield box. The PTFE or
the sapphires with high resistivity is needed for the
enough insulation. We confirmed the insulation
resistance R>100T Q between the grand and the sample
inducing the high voltage 100V.

Color wave length | FWHM | Bender
Uuv 400nm 60nm BivarOpto
Blue 430nm 60nm Kingbright
Green | 565nm 30nm Kingbright
RED 627nm 50nm Kingbright
IR 870nm 60nm Toshiba

Table I The list of used LEDs.

Rotation

—> B

Fig.1 The schematic drawing of the hall measurement
system. The magnetic fields are induced by the normal
conducting electromagnet ESR-360MR by JEOL Ltd.
The lights are emitted by LEDs listed in the Table I. The
measurement circuit is shown in Fig.2.

By applying the magnetic field B= 1T, the Hall
measurement was performed in the atmosphere at the
room temperature by the van der Pauw technique[15].
The measurement circuit of the Hall measurement is
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shown in Fig. 2. The current is induced by the Keithley
220 current power supply. The voltages of the high
resistance films over 1GQ are measured with the
differential measurement using two electrometers
(Keithley 6517 and 6514) as preamps[16]. The input
resistances between high and low of electrometers are
200TQ but the resistances between low and grand are
only 10GQ. Then two electrometers are needed for the
measuremet of the high resistance films. The coaxial
cables are used for noise shields. We bonded the cupper
wire to the sample films by indium solders.

P._H
Electro- Sample H
meter film Volt -
G meter
| Lﬁ L |G
H ' Electro-

Current- U meter | M

supply L G P

G

Fig.2 The measuremet circit of the hall measuremtent
for the hight resisitance films. The sample films are
patterned by the metal mask. The hall effect and the
resistivity are measured by the van der Pauw method.
The marks H, L, G and P indicate terminals of the
instulments for high, low, grand and preout, respectivly.

100- UV 400nm 7.6W/m’

Blue 430nm 1.3W/m?

104
Green 565nm 0.019W/m?

conducivity(S=m)

14 red 627nm 0,057W/m’ j

' = IR 870nm 5.2W/mlz

10 100 1000 10000 100000
t (sec)

Fig.3 The time development of conducivity applying the
light to the sample with ZnO 1%. The verical axis
indicates the elapsed time since starting of applying the
light.

3. EXPERIMENTAL RESULTS AND DISSCUSION
After the long wait enough for the resistance to be
constant in the dark, we applied the various LED lights
listed in Table I to sample films. The time development
of the conducivity applying the lights of various colors
and the various power to the sample ZnO 1% is shown
as Fig.3. The vertical axis indicates passed time since
starting of applying the light. The conductance enhacess
even if applying of the lights with the low energy below
the energy gap. Applying the light with the shorter wave

length, the conductivty increases more rapidly than
longer wave length. The power-law like behavior is
observed in the time dependence of the conductivity[7].
Controlling the carrier density n by the frequency and
the power of the lights as the above, the hall
measurement was perfomed.

The transverse magnetoresistance ARxy vs B plots are
shown in Fig.3 for (a) the samples with the ZnO
concentration 1% Ry =30MQ and (b) 3% R=32GQ in
the dark. Here, ARxy(B) is defined as
ARxy(B)=(Vy(B)-Vy(0))/I,. If the hole conduction is
neglected in n-type semiconductors[17],

Ey:RHJxBZ
dR
PR
ne B
R ==r
" In21
qu
pP= J = uen 1.

Here, Ry V, I and d are the sheet resistance, the
voltage, the current, the thickness, respectively.

1.0x10* .
(a) -

5.0x10° . .

0.0 = . i

AR, ()

-5.0x10° 4 - .

-1.0x10*4 . -

1.0 0.5 0.0 0.5 1.0
B(T)

4.0x10" )

2.0x10" .

0.0 1 i

AR,,(€)

-2.0x10 1 ' .

-4.0x10 1 .

-1 0 1
B(T)
Fig.4 The transverse magnetoresistance ARxy vs B plots
for the samples with (a) the sample with the ZnO
concentration 1% Ry =30MQ and (b) 3% R=32GQ in
the dark. Here, ARxy(B) is defined as
ARxy(B)=(Vy(B)-Vy(0))/L.

Using the above equations, we obtained » and p from
the analysis of the ARxy(B). The signs of measured Ry
show that these samples are n-type. The Ry, dependence
of n is shown in Fig.5 for films with various
concentrations of ZnO. The Ry, dependence of u is
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shown in Fig.6. Decreasing ZnO, the oxygen defect
increases and the carrier density increases. For the
samples 0%, 0.5% and 1%, the mobility decreases with
the increasing of the resistance. This behavior is similar
to the amorphous films. As a reason for this dependence,
we consider that carriers screen the disorder potential for
the defects and the electron scattering decreases. For the
samples 2% and 3%, the carrier density is too little to
screen the disorder potential and the mobility does not
seems to be dependent on the carrier density.

24 T T T T T

10 3 [ E
® 0%
1023_ XQA A 05%)| J
. N ® 1%
-~ o 2%
e 1022' o A 3% 3
'8 o
= 1021_' O 6 i
O
D
1020_ s ]
10" %OB y
10° 10° 100 10° 100 10" 10"
R (Q/sq)

Fig.5 The carrier density n vs Ry, plots. Controlling
by the frequency and the power of the light, n is
measured by the hall effect. The each marker indicates
the sample with the various ZnO concentrations (wt%).

3.0x10" e e
2.5x10° °, . %E/ .
~ 2.0x107 E §j .
ZE NS IR L
= 10x10°7] e Tt aa
5.0x10 1 ’ . o
0.0 i
100 10° 100 10° 10° 10° 10"
R(Q/sq)

Fig.6 The mobility p vs Ry, plots. Controlling n the
frequency and the power of the light, p is measured by
the hall effect. The each marker indicates the sample
with the various ZnO concentrations (wt%).

4.SUMMARY

Controlling n by the ZnO concentration and the
frequency and the power of the light, the carrier density
n and the mobility p is measured by the Hall effect of
the granular films. We measured the films whose
resistance is very high 180kQ - 32GQ by the special
high resistance hall measurement technique. For the
samples ZnO concentration 0, 0.5% and 1%, p increases
with n. For the samples 2% and 3%, the variation of p is
relatively small.
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Dependence of Size of Liquid Phase Pulsed Laser Ablated ZnO
Nanoparticles on pH of the Medium
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Highly transparent, luminescent, chemically pure and biocompatible zinc oxide (ZnO)
nanoparticles (NPs) without any surfactants were synthesized by liquid phase- pulsed
laser ablation (LP- PLA) of sintered ZnO pellets. Transmission electron microscopic
study confirms the formation of crystalline ZnO nanoparticles. The size of the
nanoparticles increases when oxygen is bubbled in the liquid during ablation and it
remains same on bubbling with nitrogen. The yellow luminescence from ZnO NPs is
due to the oxygen vacancies. The emission color can be tuned from yellow to bluish
violet by suppressing the oxygen vacancies on bubbling oxygen during the ZnO
ablation. The NPs were also grown by LP-PLA under surfactants free acidic and basic
medium and the surface charge of the NPs provided the repulsive force between NPs
which suppressed the growth through coagulation. These luminescent and nontoxic ZnO
nanoparticles will find applications in biomedical imaging and cancer detections.

Key words: Zinc oxide, Nanoparticles, Liquid phase- pulsed laser ablation, Transmission

electron microscopy, Luminescence

1. INTRODUCTION

In recent years liquid phase pulsed laser
ablation (LP-PLA) has become an attractive
method to prepare colloidal solutions containing
nanoparticles of noble metals [1-3], alloys [4, 5],
oxides [6, 7]. It involves the firing of laser pulses
through liquids transparent to that wavelength on
to the target surface. The ablation plume interacts
with the surrounding liquid particles, creating
cavitation bubbles which, upon their collapse,
give rise to extremely high pressures and
temperatures. These conditions are, however,
localized and exist across the nanometer scale. It
facilitates the production of crystallized
nanoparticles without any further treatment
because of high energetic state of ablated species
[8, 9]. Another advantage is that the production
system is simple and does not require costly
vacuum equipment. The final product can be
collected in solutions and the obtained colloidal
solution is very easy to handle.

Zinc oxide (ZnO) is a wide band gap (3.37¢V)
promising semiconductor having large exciton
binding energy (60 meV) at room temperature and
has important applications in electroluminescent
displays [10], optoelectronics [11, 12], sensors
[13], lasers [14] etc. Because zinc is an important
trace element of humans [15], ZnO is
environmentally friendly and suitable for in vivo
bioimaging and cancer detection.

There have been reports on synthesis of ZnO
NPs by LP- PLA techniques from metal target [16,
17]. In this work, we report the synthesis of
highly luminescent, transparent, chemically pure
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and crystalline ZnO nanoparticles by LP- PLA
technique without using any surfactant from
sintered ZnO mosaic target. The dependence of
oxygen and nitrogen bubbling during ablation and
pH of the medium on the properties of the ZnO
NPs was also investigated.

2. EXPERIMENTAL

A ZnO (99.99%) mosaic target sintered at
1000°C for 5hrs was used for the synthesis of
ZnO nanoparticles. The ZnO target immersed in
15 mL of the liquid media having different pH
was ablated at room temperature by third
harmonic of Nd: YAG laser (355 nm, repetition
frequency of 10 Hz, pulse duration of 9 ns). The
experimental arrangement is shown in figure 1.
The laser beam was focused using a lens and the
ablation was done at a laser fluence of 15 mlJ/
pulse. The spot size of the laser beam is about
Imm. The duration of ablation was 1 hr in all the
media. This simple room temperature method
produced a highly transparent ZnO NPs well
dispersed in the liquid.

The formation of ZnO NPs was confirmed by
transmission electron microcopy (JEOL, TEM)
operating at an accelerating voltage of 200 kV.
The sample for TEM was prepared by placing a
drop of the ZnO nanoparticle colloidal solution
onto a standard carbon coated copper grid. The
grids were dried before recording the micrographs.
Photoluminescence (PL) spectra were recorded
using Jobin Yvon Fluoromax-3 spectrometer
equipped with 150 W xenon lamp.
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Laser

Focusing Lens

A solution

q

—— Target

Figure 1. Experimental setup for the LP- PLA
technique

3.RESULTS AND DISCUSSION

Transmission electron microscopic (TEM)
studies confirm the resulting product after laser
ablation in different media consisted of particles
in the nanoregime. The selective area electron
diffraction (SAED) pattern shows concentric
rings corresponding to the hexagonal ZnO. This
clearly shows the growth of crystalline ZnO NPs.
From these studies, the formation of other
molecules like Zn(OH), or ZnO/Zn core shell
formation is not found. Because the ejected
molten material from the target normally reacts
with medium only at the outer surface, [18] the
ejected plasma readily cools, thereby reforming
ZnO itself. Because there are many surface
oxygen deficiency, these nanoparticles are
charged. The ZnO nano particles grown by
LP-PLA in pure water is usually charged because
the isoelectronic points of ZnO (~9.3) is well
above the pH 7.0 of pure water.[19] This surface
charge provides a shield, preventing further
agglomeration and forming self stabilized
particles even in the absence of surfactant. In the
present study the ZnO NPs grown by LP-PLA is
oxygen deficient which may also lead to positive
charge. The fluence dependence on the mean
size of the particle shows almost a linear increase
(figure 2).

9.0 4

7.0 4

T L T x. T ¥, T x T

25 30 35 40 45
Energy (mJ/pulse)
Figure 2. Variation of size of the ZnO NPs
synthesized by LP-PLA method with laser fluence

However at higher laser fluence result in bigger

size and wide size distribution. The larger
duration of LP-PLA at lower fluence does not
increase the size of the NPs but increase the
particle density. The transparency of the ZnO
nanoparticle colloid remains as such even for
ablation duration of more than 3 hrs at 45
mlJ/pulse laser  energy. The maximum
concentration of ZnO NPs that was achieved
while maintaining transparency was 17.5 pg/mL
[20].

TEM analysis revealed that ZnO samples after
laser ablation with energy 25 ml/pulse in the
neutral media (pH~7) consists of particles in the
nano regime as shown in figure 3a.The particle
size distribution shows size distribution is in
small range (figure 3(b)) and majority of the
particles has size 7 nm. The d= 0.26 nm shown in
the HRTEM image (figure 3(d)) corresponds to
002 plane of wurtzite ZnO. Almost all particles
shows uniform size distribution. The selective
area electron diffraction (SAED) (figure 3(c))
exhibit well distinguishable concentric ring
pattern representing 100, 002, 102, 110 and 103
plane of hexagonal ZnO. This clearly shows the
growth of crystalline ZnO NPs with random
orientation. ZnO NPs were arranged in hexagonal
shape as observed from high resolution TEM
image (inset figure 3(d)). The stacking of the 85
hexagonal unit cells make 7 nm. The PL emission
studies have reported by us earlier [20].

. r IR ST

2 - (a)3 (b)

Particle size (nm)
YV

Figure 3. TEM image (a), particle size
distribution (b) SAED pattern(c) of ZnO NPs
synthesized by LP PLA method with a fluence of

25 mJ/pulse in water. HRTEM image (d) of a
single ZnO nanoparticle and inset shows the
arrangement in hexagonal close packed mode

The TEM image shows that the particles are in
spherical shape and it has an average size about 7
nm and the colloid is transparent. The Zn/ZnO
composite nanoparticles grown by Zeng et.al [21]
have an average particle size 18 nm and colored
due to turbidity. The size of the particle is
found to increase when the experiment is done
with oxygen bubbling into the water during laser
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ablation of ZnO targets while size remains the
same as that grown in pure water when ZnO NPs
were grown in nitrogen atmosphere. Figure 4 (a)
shows the TEM image of the ZnO NPs prepared
in oxygen atmosphere and nitrogen atmosphere.
The TEM image of NPs grown in nitrogen
atmosphere keeping the other parameters of the
experiment the same has same size as those
grown in neutral demonized water (figure 4 (b)
and (c)). The oxygen bubbling during the
ablation increases the amount of dissolved
oxygen and promotes the growth of ZnO. This
leads to bigger ZnO NPs, where as nitrogen
bubbling through the solution does not provide
any extra oxygen other than the oxygen in the
plasma produced by the laser interaction with the
ZnO target. Thus the size of the particle is same
as hose obtamed by LP-PLA in pure water.

TEM 1mage of the ZnO NPs prepared
in oxygen atmosphere (a), nitrogen atmosphere

(b), and TEM image of ZnO NPs synthesized in

water (¢)

Figure 4.

PL measurement was performed in the NPs
dispersed in neutral media at an excitation
wavelength of 345 nm. Deep yellow luminescence
(figure 5) was observed from the ZnO NPs
dispersed in water. Inset bottom of figure 5 shows
the photograph of highly transparent ZnO NPs
dispersed in water and its yellow emission under
UV  excitation. This yellow luminescence
originates from the native oxygen defects [20] of
the prepared ZnO NPs.

The origin of yellow luminescence due to
oxygen vacancy was further supported by the
experiment done with oxygen bubbled into the
water during laser ablation of ZnO targets. Figure
5 (curve II) shows PL emissions peaking at 408
nm and 427 nm in the violet blue region,
suppressing the yellow emission when oxygen
was bubbled through liquid during the ablation.
Inset top of figure 5 shows the photograph of
deep bluish-violet emission. Due to the bubbling
of oxygen during ablation, defect density was
considerably = reduced  tending to more
stoichiometric ZnO NPs. Where as the ZnO NPs
grown under nitrogen atmosphere has similar size
and PL emission characteristic as of those grown
in neutral water. This further supports that yellow
luminescence originates from oxygen vacancies.
Emission at 408 nm is due to the transition of
electrons from shallow donor levels to valance
band [7]. According to Lin et al [22] the energy
gap between the valance band and energy level of
interstitial zinc is 2.9 eV. This is very well
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consistent with PL emission at 427 nm for the
ZnO NPs. The week Raman peak of the solvent
corresponding to OH vibration was not detected
in the PL spectra mainly because the PL emission
intensity was very intense.

The ZnO NPs grown in the present study does
not exhibit any green emission. The origin of
green emission is still remains controversial.
However there is convincing evidence that it is
located at the surface [23]. The absence of green
emission in the LP-PLA grown ZnO NPs suggest
the possible presence of Zn(OH), on the surface
[24].

Intensity (Arb. Units)

400 500 600 700
Wavelength (nm)

Figure 5. PL emission spectra of ZnO NPs
prepared without (curve I) and with (curve II)
oxygen atmosphere at an excitation wavelength of
345 nm. Inset bottom shows the photograph of
transparent ZnO NPs synthesized by LP- PLA
method and its yellow luminescence in water and
inset top is the bluish- violet luminescence from
the NPs grown in oxygen atmosphere

The growth of ZnO NPs by LP-PLA can be
modeled as follows. The plasma consisting of
ionic and neutral species of Zn and oxygen [25]
along with water vapor is produced at the
solid-liquid interface on interaction between the
laser beam and the ZnO target. Due to the high
intensity of the laser beam in the nano second
scales, high temperature (10*-10°K) and pressure
of few GPa [26] in the volume is produced. The
adiabatic expansion of the plasma leads to
formation of ZnO. The ZnO thus formed interact
with the solvent water forming a thin layer of
Zn(OH), since ZnO is extremely sensitive to H,O
environment [27]. Thus the ZnO NPs prepared by
LP-PLA may have a thin passivation layer of
Zn(OH),. The oxygen bubbling during the
ablation increases the amount of dissolved
oxygen and promotes the growth of ZnO. This
leads to bigger ZnO NPs, where as nitrogen
bubbling through the solution does not provide
any extra oxygen other than the oxygen in the
plasma produced by the laser interaction with the

761



Dependence of Size of Liquid Phase Pulsed Laser Ablated ZnO Nanoparticles on pH of the Medium

ZnO target. Thus the size of the particle is same
as those obtained by LP-PLA in pure water. The
ZnO NPs grown by LP-PLA in the acidic medium
pH=5 shows relatively bigger size in comparison
with those grown in pure water under identical
experimental conditions. The very thin
passivation layer of Zn(OH), during the cooling
of laser plasma interacting with the liquid
medium may be slower owing to higher
dissolution of hydroxide in acidic medium. Hence
this favours the growth of bigger ZnO NPs.
Where as the ablation in alkali medium favours
growth of Zn(OH), by providing hydroxyl group
and hence result in sm ller NPs

e 3 3

Figure 6. TEM image (a) and HRTEM image (b)
ZnO NPs synthesized in acid media by LP- PLA
method. Inset of (a) shows the corresponding
SAED pattern

Figure 6 (a) shows TEM and figure 6 (b) is the
high resolution transmission electron microscopic
(HRTEM) image. The SAED pattern of the ZnO
NPs prepared in acid media (pH~ 5) keeping all
other experimental parameters the same shows the
ring pattern corresponding to the 002 plane. The
particles have an elliptical shape with 15 nm size
in the elongated region and 11 nm in the
compressed region is observed from the HRTEM
image. From the diffraction rings in the SAED
pattern, 002 plane of the wurtzite ZnO was
identified.

o — .- C
Figure 7. TEM image (a) and HR image (
ZnO NPs synthesized in basic media by LP- PLA
method. Inset of (a) shows the corresponding
SAED pattern

Figure 7 (a) shows the TEM and the SAED
pattern (inset) of ZnO NPs prepared by pulsed
laser ablation in basic media (pH~ 9). Spherical
particles were observed in the HRTEM image
(fig.7b) having a size about 4 nm. The 002 plane
of wurtzite ZnO is observed in the SAED pattern.
This confirms the formation of crystalline ZnO
NPs by pulsed laser ablation in liquid.

The thermodynamic conditions created by the
laser ablation plume in the liquid are localized to
a nano meter scale which is not much influenced
by the pH of the solution. The increase of laser
energy for the ablation results in increase of size
of the NPs due to ablation of more material.
The hydroxide passivation layer formation is
much influenced by the pH of the aqueous
solution which may affect the growth and size of
the particles. All the particles grown in acidic,
alkali and neutral medium are well dispersed and
no agglomeration of the particles are observed as
in the case of ablation of zinc metal targets in
aqueous solution [28]. In the present study the
particles grown during oxygen bubbling of
LP-PLA leads to the formation of bigger particles
and agglomeration. This suggests that surface
charge of ZnO NPs arise mainly from oxygen
deficiency and pH of the medium has less
pronounced effect.

4. CONCLUSIONS

Highly  transparent, deep yellow and
bluish-violet emitting, bio-compatible ZnO NPs
were prepared in various liquid media using
LP-PLA technique without using any surfactant.
Transmission  electron  microscopic  study
confirms the formation of crystalline ZnO
nanoparticles. The size of the nanoparticles
increases when oxygen is bubbled during ablation
and it remains same as in nitrogen atmosphere.
The origin of yellow luminescence is due to
oxygen vacancies. The surface charge of the NPs
provided the repulsive force between the NPs and
suppressed the growth through coagulation.
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It was attempted to switch the wettability of a glass surface by modification with the

thermoresponsive polymer poly(N-isopropylacrylamide) (PNIPAAm). To strengthen the PNIPAAm

layer, the polymer was fixed in a silica gel matrix by a sol-gel method and coated on a glass plate.

The wettability of the silica-PNIPAAm composite layer was evaluated by contact angle

measurements. The effect of silica on the wettability was investigated by altering the

PNIPAAm/silica molar ratio. The effect of surface roughness on the contact angle was also

evaluated using atomic force microscopy (AFM). The wettability of the surface drastically dropped by

elevating the temperature from 305 K to 313 K through the lower critical solution temperature

(LCST) of PNIPAAm.

Key words: thermoresponsive polymer, wettability, sol-gel method, surface modification

1. INTRODUCTION
Poly(N-isopropylacrylamide) ~ (PNIPAAm), a
thermoresponsive polymer, undergoes a reversible
hydration-dehydration transition at its lower critical
(LCST) of 305 K. The

swelling-shrinking behavior of PNIPAAm in aqueous

solution temperature
media has attracted significant interest from the
viewpoint of developing new drug delivery systems
(DDS) [1-4], high-performance liquid chromatography
(HPLC) [5,6] and molecular cutoff systems, which
separate polydisperse macromolecules into different
molecular weight ranges [7,8]. This is because
PNIPAAm functions as a switch in aqueous media that
can be used to control the permeability of target
molecules. PNIPAAm has also been applied to
temperature swing adsorption [9-11] that utilizes
hydrophilicity switching of the polymer gel. In most of
these studies, PNIPAAm was used as a polymer gel or
grafted on a solid substrate. One disadvantage of this is
that a PNIPAAm layer on a substrate lacks sufficient

mechanical toughness and it can be easily damaged. For

applications that do not require the swelling-shrinking
behavior, such as modification of surface hydrophilicity,
the mobility of the PNIPAAm macromolecule is not
considered to be essential because the PNIPAAm
transition across LCST is attributed to the stability of the
hydration state of the amide and alkyl groups in the
PNIPAAm macromolecule. Therefore, immobilization of
PNIPAAm by sol-gel could be an effective method for
enhancing the toughness of the PNIPAAm layer.

In this study, we have attempted to switch the
wettability of a glass surface by modification with
PNIPAAm. To strengthen the PNIPAAm layer, the
polymer was fixed in silica gel matrix by a sol-gel
method and coated on a glass plate. The wettability of
the silica-PNIPAAm composite layer was evaluated by
contact angle measurements. The effect of silica on the
wettability = was  examined by
PNIPAAmy/silica molar ratio. The effect of the surface

roughness on the contact angle was also evaluated using

altering  the

atomic force microscopy (AFM).
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2. EXPERIMENTAL
2.1 Chemicals

PNIPAAm was synthesized from the corresponding
monomer (N-isopropylacrylamide, from Wako Pure
Chemical Industries, Ltd., Japan) using both ammonium
peroxodisulfate and sodium sulfite as the polymerization
initiators. The degree of polymerization was controlled
using 3-mercaptopropionic acid. Redox polymerization
was carried out for 2 h at 293 K. PNIPAAm was
precipitated at 333 K, followed by washing in deionized
water at 373 K several times and subsequent vacuum
desiccation for 4 days. The number average molecular
weight My, of the obtained PNIPAAm was determined to
be 4.5x10* using gel permeation chromatography
(HLC-8120GPC, Tosoh Corp., Japan).

2.2 Preparation of Thermoresponsive Surface

PNIPAAm was dissolved in a mixture of 4 ml of
ethanol and 0.8 ml of 0.1 M HCL 2 g of
tetracthoxysilane (TEOS, from Kanto Kagaku, Japan)
was added to the solution and hydrolyzed under
vigorous stirring for 6 h at 298 K. Dip-coating of the
solution on a glass plate was carried out with a
drawing-up rate of 20 mm/min. The coated plate was
placed in a tightly sealed vessel for 2 days at room
temperature for gradual desiccation, which provided
sufficient time for polycondensation of silica and aging
of the wet silica gel. Finally, the plate was desiccated at
298 K under ambient pressure for over 2 days. The
PNIPAAm macromolecules were incorporated in the
silica gel matrix through polycondensation of silica

during the aging and desiccation.

2.3 Measurement of Wettability

The hydrophilicity and thermoresponsive transition
of the silica-PNIPAAm composite layer coated on the
glass plate ware evaluated by contact angle
measurements of a water droplet. The coated glass plate
was placed in a sealed vessel saturated with water vapor,
as shown in Figure 1. The temperature inside the vessel
was controlled by a Peltier device. 15 pl of water was
dropped on the plate with a syringe and left for more
than 1 h prior to each measurement for vapor saturation.
The surface roughness of the coated layer was analyzed
by AFM (Nanopics 1000, Seiko Instruments). The

nominal diameter and apex angle of the tip of the probe,

which has a conical tip, were approximately 20 nm and

30°, respectively.

® ® @
®
o @ ol i
®

@ Sol-gel coated glass plate ® Bulb
@ Water droplet ® Water filter
® Water reservoir @ Lens
@ Peltier device Screen

Fig. 1: Schematic drawing of the apparatus used for

contact angle measurements at a controlled temperature

3. RESULTS AND DISCUSSION
3.1 Effect of Surface Roughness on Wettability

It should be noted that the apparent contact angle of
water drops on the coated layers, 6, does not
necessarily represent surface wettability of the coated
layer because of the surface roughness as shown in
Figure 2. The real contact angle, 6., which coincides
with the contact angle on a smooth surface and
represents the inherent surface wettability, can be

estimated by the Wenzel theory [12,13]:

COSHapp — Areal (1)

cosb, A

The real surface area of the layer is larger than the
apparent surface area calculated from the dimensions of
the layer because of the surface roughness. The right
hand side of the above equation is the ratio of the real
surface area (Ae,) and the apparent one (A4,,,) of the
corresponding surface of the layer, which was calculated
by AFM image analysis in this study. Ae./dq,, for
various PNIPAAm content in the coated layer rpr,
which is the molar ratio of PNIPAAm (in terms of the
number of moles of the monomer) to TEOS in the
starting solution, are shown in Figure 3. The
silica-PNIPAAm composite has no mesopores, which
increase A, and might not be detected by the AFM
probe, because hydrolysis and polycondensation of

TEOS was implemented in an acidic solution.
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Micropores in the composite do not affect 0,,, because
the width of a micropore is less than approximately 10
times the diameter of a water molecule. In such a small
space, water can no longer be considered to be a
continuous liquid, rather it acts as if it is an ensemble of
particles. Therefore, roughness analysis by AFM in this
study is sufficiently accurate for evaluation of roughness
effects on 0, As shown in Figure 3, a higher
PNIPAAm content resulted in larger roughness of the
surface.

Changes in 0,,, and 0., around the LCST of
PNIPAAm are shown in Figures 4 and 5 respectively.
While these features are similar to each other, 6., was
greater than 0,,, by up to 5° This is caused by the
surface roughness and hydrophilicity of PNIPAAm on
the surface of the coated layer because if the surface is
hydrophilic (inherent contact angle 0., is smaller than
90°), Oqpp should decrease as roughness increases, as

estimated by eq. 1.

(Vertical)

L}
Il 300 nm

10 ym
(Horizontal)

Fig. 2: Example of an AFM image of the coated layer.
Molar ratio of NIPAAm to TEOS (#p/7) is 2.0.

1.05 —
1.04

~ 103
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Fig. 3: Roughness factor of the surface of the coated
layer as a function of the rp ratio calculated from AFM

images.
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Fig. 4: Apparent contact angle of a water droplet on the
thermoresponsive coated layer. The rp ratios are O:
0.25,@:05 A:1, A:1.5and [I: 2.

60

0|

ereal [deg]
N
o

30 1

20 1 1 1
295 300 305 310 315
Temperature [K]

Fig. 5: Real contact angle estimated from Fig. 4 by Eq. 1.
The symbols denote the same rp/r ratios as those in Fig.
4

3.2 Thermoresponsive Change in Wettability

The first important feature in Figure 5 is that O,y
abruptly increases between 305 K and 306 K, and then
gradually increases between 306 K and 313 K. The
second feature is that the increase in 0., from 305 K to
306 K and 313 K becomes larger with increasing rp/r as
calculated in Figure 6. The third feature observed is that
Oreal Of rpr = 0.25 and 0.5 were much larger than the
others, which might reflect a significant change in the

microstructure of the silica-PNIPAAm composite gel.
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Fig. 6: Increase in real contact angle by hydrophobic

transition of PNIPAAm calculated from Fig. 5

Obviously, the surface hydrophilicity of the coated
layer dropped sharply around 306 K for each rpq. The
results also suggest that the surface with higher rp/r has a
lower hydrophilicity above 306 K. For PNIPAAm
macromolecules in an aqueous media, dehydration of the
alkyl and amide groups in PNIPAAm and the formation
of intramolecular hydrogen bonds between amide groups
take place above 305 K and proceed up to 313 K [14]. In
this process, the PNIPAAm chain became hydrophobic
because dehydration of PNIPAAm is endothermic. The
intramolecular hydrogen bond between amide groups
and hydrophobic interaction between alkyl groups,

which might have smaller formation enthalpy than their

hydration, should be predominant at higher temperatures.

Thus, the conformation of the PNIPAAm chain changes
from a coil to a globule as this transformation proceeds.
However, in the coated layer in this study, a large
portion of the PNIPAAm chains in the layer penetrates
the silica gel matrix and forms hydrogen bonds between
silica. The coil-globule transition of PNIPAAm is
strongly suppressed because the mobility of the chain is
restricted by the gel matrix. This situation compels the
dehydrated amide group and alkyl group in the
PNIPAAm chain to be exposed to aqueous media. The
existence of such a hydrophobic group should decrease
wettability and result in an increase in the contact angle.
These results imply that PNIPAAm can exhibit a drastic
change in hydrophilicity even though its mobility is lost

by immobilization in the silica gel matrix.

4. CONCLUSIONS
This study showed that immobilization of the

thermoresponsive polymer on the substrate using the
sol-gel method is a promising way to modify surface
properties so that the wettability changes reversibly with

temperature.
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Spherical C/LiFePO, cathode powders were successfully prepared by spray pyrolysis. The
saccharides such as monosaccharide and disaccharide or organic acid were used as carbon
sources. SEM observation showed that they had spherical morphology with particle size of about
Ium. XRD analysis revealed that the olivine phase was obtained by heating at 700°C under the
atmosphere of argon/hydrogen (5%). Electrochemical measurement revealed that the
rechargeable capacity of C/LiFePO, cathode was significantly improved by the addition of
carbon. The use of sucrose was most effective for the high rechargeable capacity and cycle

stability.

Key words: Spray pyrolysis, Aerosol, Olivine, Lithium ion battery, Powders

1. INTRODUCTION

Lithium transition metal oxides such as LiMn,0y,,
LiCo;;3Ni;sMn; 30, and LiFePO, have been noted as
cathode materials of lithium ion battery for EV (Electric
vehicle) and HEV (Hybrid electric vehicle) or power
supply for load leveling in wind power generation and
solar power generation. [1,2]. Olivine-type LiFePO, was
expected as cathode material for lithium ion batteries
because of low cost, relatively high theoretical capacity
of 170mAh/g and stable cycle performance at high
temperature. However, the electrical conductivity of
LiFePO, expires too low in order to use as cathode
materials for lithium ion battery. Therefore, the
conductive materials such as carbon, metal and metal
oxide were doped to enhance the electrical conductivity
of LiFePO, [4-7]. The advantages of spray pyrolysis
were as follows ; (1) As-prepared particles had spherical
morphology with a high surface area, (2) The carbon or
metal ion is directly doped during particle formation, (3)
Oxide powders can be directly prepared and the
synthesis time is much shorter than that required for
solid state reaction and sol-gel method [9,10]. It is
considered that above advantages are effective for the

use as the cathode of lithium ion battery. Yang et al
reported the electrochemical properties of C/LiFePO,
cathode materials prepared by spray pyrolysis [8]. By
selecting the organic compounds and doping the foreign
metal ion, we found that the rechargeable capacity and
cycle performance of C/LiFePO, cathode derived from
spray pyrolysis were improved at high rate charging and
elevated temperature.

In this paper, spherical C/LiFePO, composite powders
were prepared by spray pyrolysis using several type of
organic compound as a source of carbon. The effect of
organic compound for rechargeable capacity and cycle
performance of C/LiFePO, cathode were also
investigated. Furthermore, the foreign metal was doped
to C/LiFePQOy, to improve the rechargeable properties.

2. EXPERIMENTAL PROCEDURE

LiNO3, FC(NO3)3'9H20, H3PO4 and Mg(NO3)2'6H20
were used as starting materials. LINO;, Fe(NO,);°9H,0,
and H;PO, were weighted out to attain the molar ratio of
metal components (Li:Fe:P = 1:1:1) and were dissolved
in double distilled water to prepare aqueous solutions of
0.1mol/dm®. Various types of organic compounds such

Fig.1 SEM photographs of carbon doped LiFePO, powders derived from (a)sucrose, (b)fructose, (c)citric

acid (bar=2pum)
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as sucrose, fructose, sugar or citric acid were added to
aqueous solutions up to 60wt% as carbon source.
Mg(NO;),*6H,0 was used as dopant and then the
concentration of it was 0.01mol%. The mist of aqueous
solution was generated with ultrasonic atomizer
(1.6MHz) with 0.08dm’/s of air carrier gas. The
pyrolysis  temperature was 500°C.  As-prepared
C/LiFePO4 powders were corrected by the cyclone.
Furthermore, as-prepared C/LiFePO, powders were
heat-treated at 700°C for 10hr in the electric furnace
under argon/hydrogen (5%) atmosphere. The average
particle size, morphology and microstructure of
C/LiFePO,4 powders were determined with a scanning
electron microscope (SEM, Hitachi, S-2400). The
crystal phase of C/LiFePO, powders was identified by
powder X-ray diffraction (XRD, Shimadzu, XRD-6100).
Specific surface area of them was measured by BET
method using N, adsorption (Shimadzu, Tristar-3000).
The chemical composition of them was determined by

inductively coupled plasma analysis (ICP, SII, SPS3000).

Powder density was determined by pycnometer
(Shimadzu, Accupycll 1340). The carbon content in the
C/LiFePO, particles was determined by differential
thermal analysis - thermogravimetry (Shimadzu,
DTG-60).

Cathode was prepared using 80wt% C/LiFePO,
powders, 10wt% acetylene black and 10wt% fluorine
resin. Metal lithium sheer (Honjo chemical) was used as
an anode. The polypropylene sheet (Heist, celgard 2400)
was used as a separator. Imol/dm™ LiPF, in ethylene
carbonate / 1,2-dimethoxyethane (EC : DEC =1 : 1,
Tomiyama pure chemical) was used as the electrolyte.
Coin cell (2032 type, 20.0mm¢ X 3.2mm) was built up in
globe box under an argon atmosphere. The rechargeable
capacity and cycle stability of C/LiFePO, cathode were
measured with a battery tester (Hosen, BTS2004) at
between 2.5V and 4.3V.

3. RESULTS AND DISCUSSION

Figure 1 shows typical SEM photographs of
C/LiFePO,4 powders obtained by heat treatment at 700°C
under the atmosphere of argon/hydrogen (5%). SEM

photographs revealed that C/LiFePO, particles had
spherical morphology with non-aggregation regardless
of the types of carbon sources. The average particle size
of them determined by SEM photograph was about 1 - 2
um. The geometrical standard deviation of average
particle size ranged from 1.2 to 1.5 pum and these
powders had relatively narrow size distribution. Specific
surface area of LiFePO, powders was 1m%/g, but that of
C/LiFePO,4 powders was about 4Om2/g. It was found that
specific surface area significantly increased by the
addition of carbon. Specific surface area of them
suggested that the particle microstructure of C/LiFePO,
powders was porous by the addition of carbon. On the
other hand, the powder density of LiFePO, powders and
C/LiFePO, powders was 3.5kg/m® and 3.2kg/m’,
respectively. It was considered that the particle density
of C/LiFePQO, powders was reduced because of porous
microstructure.

Figure 2 showed typical XRD patterns of LiFePO,
and C/LiFePO, powders, respectively. The crystal phase
of as-prepared C/LiFePO, powders was amorphous, but
they were well crystallized by the heat-treatment under
the atmosphere of argon/hydrogen (5%). XRD revealed
that the diffraction patterns of all sample were good
agreement with olivine structure (space group: Pnma)
and other phases were not observed. The chemical
composition of them was good agreement with starting
solution composition from inductively coupled plasma
analysis. The crystallinity of LiFePO, was higher than
that of C/LiFePO,. Therefore, no evidence of diffraction
peaks for carbon appeared in the diffraction pattern,
which indicates that the carbon generated from organic
materials is amorphous and the presence of carbon does
not influence the formation of LiFePO,.

Figure 3 shows the rechargeable curves of LiFePO,
and C/LiFePO, cathodes at the rate of 1C. The long
plateau was observed at about 3.5V in the rechargeable
curves. The charge and discharge capacity of
carbon-free LiFePO, cathode was about 43mAh/g and
40mAh/g because of poor electrical conductivity. It was
found that the rechargeable capacity of LiFePO, was
considerably improved by the addition of carbon. The
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Fig.2 XRD patterns of LiFePO, and C/LiFePO, powders derived from sucrose and citric acid
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Fig.3 Rechargeable curves of LiFePO, and
C/LiFePOy4 cathode at rate of 1C

charge and discharge capacity of C/LiFePO, cathode
derived from citric acid exhibited 158mAh/g and
150mAh/g, respectively. That of C/LiFePO, cathode
derived from sucrose exhibited 150mAh/g and
130mAh/g, respectively. The discharge capacity of
C/LiFePO, derived from other organic compound such
as fructose, white sugar also exhibited 140mAh/g. The
rechargeable capacity of C/LiFePO, cathode derived
from citric acid was higher than that derived from
sucrose. The carbon content was 2.6wt% in C/LiFePO,
particles derived from citric acid. The carbon content
was 7.1wt% in C/LiFePO, particles derived from
sucrose. Because the particle size of C/LiFePOy, particles
derived from citric acid is close to that of C/LiFePO,
particles derived from sucrose, the excess carbon content
(4.5wt%) may lead to the loss for energy density of
C/LiFePOy, cathode derived from sucrose.

Figure 4 shows the change of initial discharge
capacity of C/LiFePO, cathode derived from citric acid.
The initial discharge capacity of C/LiFePO, cathode
exhibited 157mAh/g at rate of 0.1C. The initial
discharge capacity of it decreased to about 100mAh/g at
rate of 5C. At rate of 10C, it exhibited 70mAh/g.
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Fig.5 Relation between discharge capacity and
cycle number of C/LiFePO, cathode at rate
indicated
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Fig.4 Relation rate and discharge capacity of
C/LiFePO, cathode derived from citric acid

Figure 5 shows the relation between cycle number and
discharge capacity of C/LiFePO, cathode derived from
citric acid at rate indicated. The rechargeable test was
carried out up to 1000 cycles. It was clear that
C/LiFePO, cathode had the excellent cycle stability. The
discharge capacity of C/LiFePO, cathode maintained
90% of initial discharge capacity after 600 cycles at rate
of 1C. The same tendency of cycle stability was also
observed in the cycle data at rate of 5C and 10C. The
discharge capacity of C/LiFePO, cathode maintained
92% of initial discharge capacity after 1000 cycles at
rate of 10C.

Figure 6 shows the relation between cycle number and
discharge capacity of C/LiFePO, cathode at 50°C. The
rechargeable test of coin cell was examined up to 100
cycles, while it was heated on the hot plate which was
kept to 50°C. The charge rate of it was 1C. The
discharge capacity of C/LiFePO, cathode derived from
citric acid exhibited 147mAh/g and the cycle life of it
was also stable. The discharge capacity of C/LiFePO,
cathode maintained 96% of initial discharge capacity
after 100 cycles. It was found that C/LiFePO, cathode
had high cycle stability at the elevated temperature.
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Fig.6 Relation between discharge capacity and
cycle number of C/LiFePO, cathode at 50°C
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In order to improve the cycle stability of C/LiFePO,
cathode at higher rate of charge/discharge, the addition
of foreign metal to C/LiFePO; was examined.
Magnesium ion was used as foreign metal in this work.
Figure 7 shows the relation between cycle number and
discharge capacity of C/LiFeg9Mgg PO, cathode at
rate of 5C and 10C, respectively. The initial discharge
capacity of it increased to 110mAh/g and 96mAh/g at
rate of 5C and 10C, respectively. However, the initial
discharge capacity was not improved even if magnesium
ion was added from 2 to Smol%.

The cycle stability of it was as same as that of
C/LiFePO, cathode. The discharge capacity of
C/LiFeg99Mgg 01PO, cathode maintained 95% of initial
discharge capacity at rate of 10C after 200 cycles. It was
found that C/LiFeq99Mgj 0, PO, cathode had high cycle
stability for as well as C/LiFePO, cathode.

4. CONCLUSION

C/LiFePO, precursor powders were prepared by spray
pyrolysis using aqueous solution with organic
compounds. Spherical C/LiFePQ, particles with size of
1um and high specific surface area were obtained. XRD
revealed that the crystal phase of C/LiFePO, powders
was agreement with olivine phase. The rechargeable
properties of LiFePO, cathode were significantly
improved by addition of carbon. The electrochemical
measurement revealed that the rechargeable capacity of
C/LiFePO, cathode was 157mAh/g at rate of 0.1C and
exhibited good cycle stability at 25°C. The addition of
citric acid led to highest rechargeable capacity and most
stable cycle life of C/LiFePO,4 cathode. 90% of initial
discharge capacity was maintained after 600 cycles. The
cycle stability was also kept at the elevated temperature.
The addition of magnesium ion led to the cycle stability
at higher rate.
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An electron spin resonance analysis confirms that an atomic nitrogen is encapsulated inside a
sublimated fullerene (Cqy) molecule in a radio frequency (RF) discharge plasma. It is observed that
the electron beam superimposed RF plasma whose parameters are easily controlled has remarkable
effects on the synthesis of the nitrogen atom encapsulated fullerene (N@Cg). Optical emission
spectroscopy (OES) is used to characterize the nitrogen species in the plasma, and it is clarified that
the moderately low gas pressure and high RF power effectively dissociate the nitrogen molecules,

resulting in the enhancement of the purity of N@Cg.

Key words: fullerene, encapsulation, RF plasma, electron beam, nitrogen species.

1. INTRODUCTION

The fullerene such as C¢, discovered in 1985, which has
a soccer ball like structure with a hollow interior [1], can
accommodate various atoms or molecules [2]. Up to now
several kinds of endohedral fullerenes have been
synthesized, such as metallofullerenes [3, 4], in which
metallic atoms are incorporated inside the cage, noble gas
endohedral fullerenes [5, 6], in which one or two noble
gas atoms are inserted in the cage, and endohedral
fullerenes with reactive atoms like as nitrogen or
phosphorus stabilized inside the cage [7-9]. The insertion
of different kinds of atoms or molecules into the cage of
the fullerenes has been actively studied because of their
unique structure and electric/magnetic/optical properties.
The nitrogen atom encapsulated fullerene (N@Cg) is the
first member of the endohedral fullerenes in which the
highly reactive nitrogen atom is stabilized in its atomic
ground state due to the protection provided by the Cg
cage. The nitrogen atom in Cg is chemically inert and
stable under ambient conditions. Among various
endohedral fullerenes, N@Cg attracts particular interest
due to the atomic nature of the entrapped nitrogen atom
and its half-filled P orbitals. Potential applications, such
as in the field of spin quantum computation, have been
proposed [10, 11]. N@Cs has been yielded by ion
implantation [7], glow [9, 12], radio frequency [13, 14],
and electron cyclotron resonance [15, 16] discharge
methods so far, where Cy films deposited on substrates
are exposed continuously to the nitrogen ions accelerated
by electric fields actively or passively. However, the
synthesis yield of N@Cg is extremely low ( purity just
after synthesis: N@Ceg/Cqp = 107 % to 107 %) at
present. Although the purity can be improved by high
performance liquid chromatography (HPLC) [17], HPLC
takes an awfully long time to purify the extremely low
yield of N@Cg. Therefore, to get the high purity of
N@Cg, it is necessary to clarify the encapsulation
mechanism and to improve the encapsulation yield.

The synthesis of N@Cgrequires a plasma containing a
considerable amount of nitrogen-atom radicals N* (N”
stands for excited atomic nitrogen) and/or ions N* as an
encapsulated source of notrogen atom. To produce N”
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and N* from nitrogen molecules N, (N, +e — N+ N+
2e), a desorption/ionization energy of 25.4 eV should be
supplied to N, by energy transfer from electrons [18]. In
this respect an electron beam superimposed radio
frequency (RF) plasma is useful, which leads to the
energization of the electrons and the resultant
dissociation and ionization of N,.

In this paper, the efficient synthesis of N@Csy is
demonstrated by actively controlling the plasma
parameters such as nitrogen gas pressure, nitrogen
species, RF power, substrate, and grid bias voltages using
the electron beam superimposed RF plasma source.

2. EXPERIMENTAL APPARATUS

The schematic of an experimental apparatus is shown in
Fig. 1. Nitrogen gas is input from the top of the apparatus,
and the nitrogen plasma is generated by applying an RF
power with a frequency of 13.56 MHz to a spiral-shaped
RF antenna (no. of turns is 5) located at z=58 — 72 cm,
and controlled by the applied RF power Pgg, a nitrogen
gas pressure Py, a substrate potential V,,, and a grid
potential V,. A stainless mesh grid (20 meshes / cm) with
a supporting rod is set up at an upper part of the apparatus
to control plasma parameters by applying V,. The upper
side and lower side of the grid are defined as “plasma
production area” and “process area”, respectively. The
plasma potentials in the two areas are controlled by V,
and Vg, and a potential difference is formed between the
two areas. The potential difference produces the electron
beam flowing from the plasma production area to the
process area and the electron beam dissociates nitrogen
molecules. Cg is sublimated from an oven located at z =
27 cm and deposited on a cylindrical substrate at z =25 —
39 cm. The nitrogen plasma is continuously irradiated to
Ceo on the substrate. The experiment lasts for around 1
hour and about 65 mg of Cg is sublimated. Since the
produced N@Cgq is very sensitive to the ambient
temperature [19], the substrate is maintained at low
temperatures (bellow 20 °C) by water cooling during the
plasma irradiation.

The plasma parameters are measured by Langmuir
probes at z= 30 cm in the process area and at z= 53 cm in
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Fig. 1: Schematic of experimental apparatus.

the plasma production area. An irradiated ion energy E; to
the substrate is defined as the difference between plasma
potential ¢ and V. The nitrogen species are analyzed
by optical emission spectroscopy (OES) at z = 41 cm in
the process area and at z = 53 cm in the plasma
production area. Experiments on the synthesis of N@Cgp
are performed under the condition as follows: applied RF
power Ppg = 100 ~ 800 W, nitrogen gas pressure Py, =
0.5~3Pa, Vy=-100~ 100V, and Vg, =—100~ 100 V.

A Cg compound including N@Cyg deposited on the
substrate is scratched off and dissolved in toluene. The
solution is then analyzed by electron spin resonance
(ESR) and UV-vis absorption spectrometry to calculate
the purity, and is refined by high performance liquid
chromatography (HPLC).

3. RESULTS AND DISCUSSIONS

Figure 2 shows an ESR spectrum of the product of
N@Cg. The hyperfine constants (5.67 G) and g values
for this splitting are essentially the same as those reported
[7, 20], which are attributed to the isotropic hyperfine
interaction of the '“N unpaired electron spins with the
nuclear spins. The concentration of N@Csg is very low.
One of the possible reasons is that the polymerization
probably takes place between N@Csgo and Cgy, which is
supported by the substantial line broadening of the
dimmer N@Cg—Cg compared to that of N@Cg [21].
Further study is needed to isolate and characterize the
polymerized N@Cg. The typical purity of N@Cs is in
the order of 107 to 107 %, which is calculated by
comparing with a standard spin material.

In the nitrogen RF-plasma, there are various kinds of
ionic and neutral species, such as nitrogen molecule
radicals N, nitrogen molecule ions N,", nitrogen atom
radicals N°, and nitrogen atom ions N'. During
evaporation, some Cg molecules are immediately
ionized and excited by the high energy electrons in the
plasma. Since Cgy is the electron-affinitive molecule, Cg

Intensity (a.u.)
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Fig. 2: X-band ESR spectrum of N@Cgo.
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Fig. 3: Optical emission spectra of nitrogen
species in the plasma process area for Pgp = 450
W, PN2 =0.6 Pa, Vsub =100 V.

will be negatively charged in the plasma, and is expected
to have mutual dissociative recombination reactions with
N ions. The main species and reactions in the plasma can
briefly be expressed as follows [13, 18, and 23].

N2+€—)N2++2€ (1)
N,"+e—>2N"+2e )
x N+ Cgo~ = No(Cep) - 3)

Reaction (3) represents the formation of both N—Cg
hybrid compounds and Cgy polymers. Here x and y are
integer larger than 0. By adjusting the input RF power,
nitrogen gas pressure, and potential difference between
plasma production area and the process area, the electron
energy and flux which affect the generation of the atomic
nitrogen species can be controlled, and furthermore, the
substrate potential can vary the energy of the atomic
nitrogen species irradiated to the substrate in the range of
10 ~100 eV, which covers the energy suitable for ion
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in the plasma process area as a function of V, for
Prr =450 W, Pn; = 0.6 Pa, Vi, = 100 V.

implantation (~40 eV) [16, 22]. This reaction toward ion
implantation can take place:

C607 + NJr - N@C()(). (4)

Figure 3 gives OES results observed in the plasma
process area for V,= 100, 0, and —100 V, Pry =450 W,
Py = 0.6 Pa, and V,, = 100 V. The nitrogen plasma is
considered to be composed of nitrogen molecule radicals
(N, nitrogen molecule ions (N,), nitrogen atom
radicals (N"), and nitrogen atom ions (N') with their
strong peak wavelengths at 337.13 nm, 391.44 nm,
746.83 nm and 500.52 nm respectively. Since the
emission intensity of the N, and N," lines is proportional
to the concentration of these species and the number of
electrons having energy larger than their excitation
threshold energy. The threshold excitation energy of N,
(337.13 nm) is 11.1 eV and the threshold ionization
energy of N, is 15.57 eV, while the threshold excitation
energy of N, (391.44 nm) is 18.7 eV [18]. It is concluded
that the excitation of the nitrogen molecule N, dominates
lower energy, while dissociation process as well as
molecular ionization N," dominates at higher electron
energy. It is clear from the Fig. 3 that the peak intensity is
changed by V. *The high intensity peaks result from the
emission of N,” and N,', but the peaks of N are not
observed in our OES spectrometry because it is unable to
detect the peak of ground state atomic nitrogen species.
However, the increase in N," and the decrease in N, in
the plasma for high energy electrons imply that the
density of the atomic nitrogen species is increased.

Figure 4 shows the dependence of the optical emission
intensities of N, and N, in the plasma process area on Ve
for Prp = 450 W, Prp = 0.6 Pa, and Vi, = 100 V. It is
found that the peak intensities in the plasma process area
are changed by V,. For V', < — 20V, the peak intensities
are nearly constant, and the intensity of N, is lower than
that of N,". For Ve > — 20 V, on the other hand, the
intensity of N," starts to increase, and the intensity of N,
starts to decrease with increasing V. This change of the
peak intensities in the process area can be explained by
the high energy electrons going through the grid to the
process area, and hence an increase in the density of
atomic nitrogen species is expected. In our apparatus the
plasma potential in the process area is higher than that in
the plasma production area. In this case, the electrons that
travel through the grid can be accelerated by the potential
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(N,"/N,"), (b) purity of N@Cgp, and (c) solubility
on nitrogen gas pressure Py, for Prg =450 W, V, =
Ve = 100 V.

difference between the plasma production areas and the
process area.

Figure 5 presents the dependence of intensity ratio
(N2+/N2*), purity of N@Csg, and solubility on Pyp. It is
found from the Fig. 5 (a) that the high intensity ratio
(N,"/N,") is achieved under the condition that the applied
nitrogen gas pressure is around 0.8 Pa. At extremely low
and high gas pressures the intensity ratio becomes low.
Therefore, it can be considered that the moderately low
nitrogen gas pressure improves the rate of
dissociation/ionization and hence increases the density of
the atomic nitrogen species in the plasma process area.
These increased high density atomic nitrogen species
enhances the purity of N@Cgy which can be noted from

775



Synthesis and Properties of Nitrogen Atom Encapsulated Fullerenem

0.02 : : : T :
(a) °
°
9 ® o
& °
o° 0.01} .
O@
®
Z
°
000 1 1 1 1 1
300 400 500 600 700
Pee (W)
30 T T T T T
(b)
. 20} ]
S
>
E
2 10 @ °
n s [ o

300 400 500 600 700
Pee (W)

Fig. 6: Dependence of (a) purity and (b) solubility
of N@Cg in toluene on Py for V, =V, =100V,
PN2 = 0.8 Pa.

the Fig. 5 (b). Since the solubility is observed to be
independent of nitrogen gas pressure, maximum
synthesis of N@Cs is achieved at moderately low gas
pressure which realizes the high purity of N@Cs.

Figure 6 shows the dependence of the purity of N@Ceg
and solubility on Pgg. It is found that the purity increases
with increasing the RF power and the maximum purity of
about 0.02 % is achieved under the condition that the
applied RF power is more than 400 W. It is considered
that the electron density in the plasma production area
and the electron beam density in the process area increase
with increasing Prr. This increased electron beam
enhances the rate of dissociation/ionization of the
nitrogen molecules in the process area, resulting in the
improvement of the purity.

4. CONCLUSION

The nitrogen molecules are effectively
dissociated/ionized by using an electron beam
superimposed RF discharge plasma. A high intensity
ratio (N,'/N;") is obtained at moderately low nitrogen gas
pressure, which implies that the rate of
dissociation/ionization and hence the density of atomic
nitrogen increase in the plasma process area. This high
density atomic nitrogen enhances the purity of N@Cs.
Also, the purity of N@Cs increases with increasing the
RF power and the maximum purity is obtained when the
RF power is more than 400 W.
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Bismuth cuprate superconducting film has a large-scale periodicity, supercell, other than an
ordinal lattice cell. Although the supercell lies along b axis in bulk material, the structure lies
along both a and b axes on thin film and shows asymmetric structure in reciprocal space along ¢
axis. The asymmetric structure was described with triangle function, which modulates the
structure to form the supercell. In the terms of the double domain along a and b axes were

observed on three dimension X-ray reciprocal space mapping. Bismuth oxide

film

(Bi,Sr,Ca|Cu,0x) grew with the relation of Bi-2212[001] parallel to MgO[110] (45° rotation
growth), but the bismuth cuprate superconducting film often grows with lateral rotation from 45°
growth. To describe such a relation, coincidence site lattice was visually expressed on polar

coordinate system.

Key words: high Tc superconductor, thin film, supercell, reciprocal space mapping

1. INTRODUCTION

High Tc superconductor, bismuth cuprate oxides, is
well known for structural modulation, supercell. The
supercell is incommensurate modulation consisting of
several unit cells along b axis with periods of 4.7 unit
cells [1-4]. The supercell (SC) of Bi,Sr,Ca;Cu,Ox
(Bi-2212) is expressed as SC =4.7b + 1.0¢, where b and
¢ are unit cell vectors along b and c¢ axes. The
modulation is incommensurate along b axis but is
commensurate along ¢ axis in bulk samples previously
reported.

While bulk samples show symmetric structure of SC
by high-resolution electron microscopy, electron
diffraction, x-ray diffraction, and neutron diffraction
[5-9], thin films show asymmetric peaks on X-ray
Reciprocal Space Mapping (XRSM) [10]. The
symmetric peaks observed on bulk samples can be
generated by modulation vector as a sinus function
modulating unit cells through its crystal, and the

asymmetric peaks are described by triangle function [11].

Another XRSM shows the SC modulations exist along
both a and b axes. An epitaxial Bi-2212 film deposited
on MgO(001) substrate grows with relation of
Bi-2212[100] parallel to MgO[110] (45° rotation),
indicating Bi-2212 grows epitaxially on MgO substrate
in term of unit cells. However, from the view of long
periodicity the SC structure has two domains along a
and b axes.

Aliovalent substitution and extra oxygen had been

7

plan view

cross sectional

difg,
13, CFs
o
¢/

Fig.1 Schematic of X-ray Reciprocal Space
Mapping (XRSM). X-ray irradiates a sample with
an incident beam and is diffracted to the left.
An ordinal cross sectional XRSM (black plane)
and a plan view XRSM (top gray plane).

carried out to investigate the origin of SC structure
[12-14]. The aliovalent substitution replaces cations with
different radius, and the oxygen doping changes oxygen
content by annealing or by high-pressure oxidization.
The aliovalent substitution of cations changes also
oxygen content by replacing divalent strontium with
trivalent lanthanum, for instance, so that the aliovalent
substitution might affect oxygen content as well as
inducing strain into crystal. To emphasize the effect of
strain, multilayered and thick films were prepared and
investigated in detail [15,16]. In multilayered structure
the strain must be prominent, to the contrary, the strain
must be released in thick film. Interestingly in the thick
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film other domains grow on MgO(001) substrates with
~30° lateral rotation relative to initial 45° rotation [16].

In this study, 45° rotation growth was addressed by
the coincidence site lattice [17-19] expanded on polar
coordinate system for visualization, and to verify double
domain growth in terms of SC structure plan view
XRSM was taken on the plane vertically crossing
ordinal cross sectional XRSM around Bi-2212(0020)
peak. By continuously taking slices of plan view XRSM,
three dimensional XRSM was also presented.

2. EXPERIMENTAL

Bi-2212 thin films were prepared by pulsed laser
deposition using “slower Q-switched Nd:YAG laser”
[20] at the repetition rate of 2 Hz generated by 10 Hz
modulated flash lamp with secondary function
generation. Targets were prepared by stoichiometric
ratio of Bi,0;, SrCO;, CaCO; and CuO powders, which
were ground and calcined for total four hours in oxygen
atmosphere at 800°C. The mixture was pressed as pellets
at the pressure of 400 kgf/em® and sintered again in
oxygen atmosphere at 800°C.

Bi-2212 films were deposited on MgO(100) substrates
at a temperature of 750°C with a substrate-target
distance of 40 mm. A thick film ~ 5,000 A was also
prepared in the same conditions. Epitaxial growth was
verified by mainly x-ray diffraction (XRD) such as 0-20
and ¢ scan, and deposition rate was estimated using film
thicknesses obtained by x-ray reflection (XRR). X-ray
reciprocal space mapping (XRSM) was taken on a cross
section (b* x ¢* plane) and a plan view (a* x b* plane)
to observe SC peaks generated by SC structure, as
shown in Fig.1. The series of plan view XRSMs were
taken to visualize SC structure in three dimensions.
Resistivity was measured by the Van der Pauw method
with silver electrodes, and showed the transition
temperature (R=0) of 70 K.

3. RESULTS AND DISCUSSION

XRD 0-20 and ¢ scan verified an epitaxial growth of
Bi-2212 film with the relation of Bi-2212[001] parallel
to MgO[001] and Bi-2212[100] parallel to MgO[110]
(45° rotation), and XRR showed the film thickness of
~1,000 A. The lattice mismatch of Bi-2212[100] is about
25 % to MgO[100] (cubic on cubic) and 5 % to
MgO[110] (45° rotation), respectively. The thick film
with thickness of ~5,000 A showed lateral rotation other
than 45° rotation growth commonly obtained on
MgO(001) substrate.

A cross sectional XRSM was taken around
Bi-2212(2022) including a substrate peak of MgO(113)
so that the lattice constants of Bi-2212 can be verified by
those of MgO substrate. The two peaks lied on
MgO[110] x MgO[001] plane, which is equivalent to b*
x ¢* plane of Bi-2212 film. The cross sectional XRSM
observes a plane of reciprocal lattice by using wx(®-20)
axes, so that reciprocal lattice units (rlu), Qx and Qy can
be expressed as,

_ 2sind _ 2sin@

Q. sinfw—6) ; Qy cos(w — 6),
where A is the wave length of incident X-ray (CuKa, =
1.5406 A). Since these are rectangular coordinates, the

lattice constants can easily be estimated on Qx-Qy

0.71 L

—

= 0704 MgO(113)

= Bi-2212(2022)

.4
2 \J A,

O 0.69 / @ L

0.68 L

T T T
0.32 0.34 0.36 0.38

Qx (rlu)

Fig.2 XRSM on MgO[110] x MgO[001] plane,
which is equivalent to the b* x c¢* plane of
the Bi-2212 film. Bi-2212(2022) peak was
observed with the substrate of MgO(113) peak.

>
I

L

Domain Size (A)
Domain Size (A)

3
I

20 " .
10 20 -10 0 10 20

Domain Size (A)

-5 0 S
Domain Size (A)

Fig.3 Polar CSL figure of Bi-2212 film grown
on MgO(001) substrate (a) within domain size of
10 A, and (b) within 20 A. 45° rotation growth is
dominant.

coordinate. The Bi-2212 thin film on a MgO(100)
substrate showed the lattice constants, b ~ 5.43 A, and ¢
~ 30.88 A, which were estimated by XRSM observed
around Bi-2212(2022) peak as shown in Fig.2.

Lattice mismatch is often mentioned for expitaxial
growth, where the lattice coherent strain [21] e; is
expressed as
2aBi — GMgO

€ = )
api + aMgo

where ag; and a0 are lattice constants of Bi-2212 and
MgO substrate, respectively. For an epitaxial growth the
lattice coherent must be reasonably small. However, an
epitaxial growth exists even with a large mismatch [22].
The lattice coherent strain is considered to be
combinations of one each unit cells between a film and
substrate. Epitaxial growth with a large lattice coherent
strain is often described by domain epitaxial growth
consisting of (m x n) unit cells of film growing on (k x
) ones of a substrate, and two lattices have a coincident
site lattice (CSL) between (k x £) and (m X n) unit cells
[17]. Domain coherent strain is often shown with only
some combinations of &, £, m and n in table.

In order to visualize domain coherent strain, a polar
CSL has been proposed with all the combinations of (k x
£) and (m x n) [22]. Domain coherent strain eq is defined
as



S. Kaneko et al.  Transactions of the Materials Research Society of Japan ~ 34[4]777-780 (2009)

0.66 1 Bi-2212(0020)
~ 5
=) 2
= 0.64] \\3
2 5 TR
8 | 3 »"'Pg SC satellite

06 -04 -02 04 06

00 02
Qx (rlu)

Fig.4 Cross sectional XRSM on (b* x ¢*) plane
of Bi-2212(0020) peak. Asymmetric intensity
distribution of SC satellite peaks are observed
around the main peak of Bi-2212(0020).

oy — 2\/m2 + n2agim — VK2 + Paga
VmZ + n2agim + VE2 + Paga,

where ag, and ag,, are lattice constants of film and
substrate, respectively. Using polar coordinate, » and 6
are defined as

\/k2 + ﬂzasub + \/777/2 + 77/2(lﬁ1m
2 7

¢ = tan"(n/m) — tan~1(¢/k),

where 7 is the domain size and ¢ is the angle of lateral
rotation between two lattice cells. The polar CSL is
expressed on cylindrical polar coordinates » and 6 with
height z as domain matching, so that the figure shows
domain size as the distance from the center point and
in-plane epitaxial relation as angle of ¢.

In spite of small lattice mismatch of 5% with 45°
rotation growth, Bi-2212 film often grows with other
domains than 45° rotation growth. Using a polar CSL,
one can bird’s-view domain coherent strain as well as
lattice coherent strain. Figure 3(a) is the polar CSL
figures of Bi-2212 film grown on MgO(001) substrate
within domain size of 10 A, which clearly shows the
dominant is 45° rotation growth. As shown in Fig.3(b)
with increasing domain size, CSL peaks are scattered
around the angle ¢, which is lateral rotation angle
between film and substrate. For Bi-2212 film grown on
MgO(001) 45° rotation growth is dominant, though it is
possible to grow other domain in term of domain
growth.

The SC structure was observed on XRSM taken
around Bi-2212(0020) peak on (b* X ¢*) plane as shown
in Fig.4, and the SC size can be estimate in the same
way to estimate lattice constants using the distance
between main and SC peak on the Qx-Qy coordinate.
The SC size in Bi-2212 film with thickness of ~1,000 A
was estimated to be SCb ~ 4.2b and SCc ~ 0.9¢ along b
and c¢ axes, respectively. Since the same mapping was
obtained even on the plane laterally rotated 90° (a* x ¢*
plane), unlike bulk sample the SC structure lies along
both a and b axes; double domain in terms of SC
structure. To verify the double domain of SC structure,
continuous slice of plan view XRSM were taken on (a*

Fig.5 Slices of plan view XRSMs. Continuous
plan view XRSM are taken along c* axis of
Bi-2212 film.

c*
L
a* '

SC

main peak

e

.,

Fig.6 Three dimensional XRSM. 3D XRSM
image is visualized from slices of plan view
XRSMs by using an image processing software
Osirix. Four SC satellite peaks are clearly
observed on Bi-2212 film.

SC

x b*) plane of Bi-2212 film as shown in Fig.5. An
image processing software “Osirix” dedicated to
DICOM (Digital Imaging and Communications in
Medicine) was employed to visualize three dimensional
image from slices of plan view XRSM. Three
dimensional (3D) XRSM was obtained as shown in
Fig.6. Four SC satellite peaks were clearly observed
under the main peak of Bi-2212(0020) peak at ~ (+0.2,
+0.2, 19).

In summary, Bi-2212 films were prepared by PLD
method with slower Q-switched YAG laser. XRD 0-20
and ¢ scan verified the epitaxial growth of Bi-2212 film,
though lateral rotation growth is often reported on
Bi-2212 film. To describe the lateral rotation growth
including 45° rotation growth, a polar CSL figure was
proposed. To verify the SC structure lay along both a
and b axes, slices of plan view XRSMs were taken
around Bi-2212(0020) peak, and 3D-XRSM clearly
showed the SC structure lay along both a and b axes.
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Magnetization and magneto-resistance ratio (MRR) were measured for (y'-Fe4N)(CrO,),_, granular
system between 77 K and 300 K, where x is the mole ratio of Fe,N in the measured samples. The 7 '-Fe,;N
and CrO, are the ferromagnetic half metals with high Curie temperature and relatively high electrical
conductivity. Since the spin polarization coefficient P of conduction electrons is nearly —1 in Fe,;Nand 1 in
CrO,, the various junctions in this system are expected to show the competing tunneling magneto-
resistance (TMR) effects. The MRR of this system showed the compensated behavior at x around 0.2,

which is the percolation threshold of connectivity of Fe,N grains.

Key Words : y - FeyN, CrO,, magnetization, magneto-resistance, TMR

1. INTRODUCTION

Perovskite-type y'- FeyN is a ferromagnet with a large
magnetic moment below the Curie temperature 7, of 761
K [1]. From the calculated electronic structure of this
compound [2, 3], it was shown that the spin polarization
coefficient P was nearly —1 at the Fermi level [4].

On the other hand, rutile-type CrO, has been known to
be a half-metallic oxide with P =1 and 7, =400 K [5,6].

Since the perfect spin polarization should result in
large magneto-resistance (MR), y'- Fe,N and CrO, can
be the candidate materials for the development of spin-
tronics devices such as spin valves and magnetic random
access memories (MRAMs).

We studied the TMR effects of the ( y '-Fe4N),

(CrO,);_, mixtures. This system shall be composed of the
granular TMR junctions of [y '-Fe;N/y '-Fe,N], [CrO,/
CrO,] and [ y '-Fe,N/CrO,], where “ / ” means the
insulating barrier. The [y -Fey,N/y -Fe,N] and [CrO,/
CrO,] are the TMR junctions with same sign of P, and
[ y -Fe,N/CrO,] is those with different sign of P.
Therefore the competing TMR behaviors are expected in

the present system, as in the case of (Fe;0,4)(CrO,),_,
[7-9].

2. SAMPLE PREPARATION

First, the precursors of Fe;O4 nano-particles were
prepared from a mixed aqueous solution of FeCl, «4H,0
and FeCl;+6H,O with the mole ratio of 1:2. When an
aqueous ammonium solution (NH4,OH) was dripped onto
the above mixed solution, Fe;O, nano-particles with a
diameter of about 10 nm were precipitated [10-12].
Washed and dried Fe;O, nano-particles were pressed to
form pellets with a diameter of 10 mm, and sintered to
produce the y'-Fe,N in the NH;+H, mixed gases for 12

hours at 673 K. Then the mixtures of prepared y '-Fe,N

specimen and CrO, powder (Aldrich Chemical Company,
Inc.) were sintered at 473K for 3 hours in air.
Powder CuKa X-ray diffraction (XRD) patterns of

781

(7 '-Fe4N)oo(CrO,)g 5 samples are shown in Fig. 1. The
crystal structure of y'- Fe;N is a cubic perovskite with
the lattice parameter of @ = 0.379 nm [13], while CrO,
has a rutile structure with @ = 0.4419 nm and ¢ = 0.29154
nm [14].

T T 74

Cro, o
(110)

100 -

50 -

Intensity
—
et
._l-—l—"."'—--l'
1

Fig. 1 XRD pattern of (y '-Fe4N)»(CrO,)o s sample.

From the half width of each diffraction peak, the mean
diameter d of y '-Fe,N and CrO, particles were estimated
by Sherrer's formula as about 16 nm and 12 nm,
respectively.

3. EXPERIMENTAL RESULTS AND DISCUSSION
3.1 Magnetization

The magnetization M was measured by means of a
vibrating sample magnetometer (VSM) between 77 K
and 300 K. Fig. 2 shows the temperature dependence of
M at 5 kOe. The magnitude of M monotonically increases
with the mole ratio x of y '-Fe;N. Ferromagnetic
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transition of CrO, is clearly indicated near 400 K. Since
the Curie temperature 7, of FeyN is known to be 761 K
[1] and far above the T, of CrO,, the large amount of
magnetization due to the Fe,N remains below 400 K.

200 1T T LI T T 1T
150

100-

M (emu/g)

50 ]

200 300 400
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100

Fig. 2 Temperature dependence of the magnetization at 5
kOe, where x is the mole ratio of y '-Fe,N.
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Fig. 3 Field dependence of the magnetization at 77 K,
where x is the mole ratio of y '-FesN.

Field dependences of magnetization M at 77 K are
shown in Fig. 3. The M is nearly saturated at 77 K and 10
kOe. The saturation magnetization M; increases with
increasing of x, and the cohesive force H, decreases with
X.

The x-dependence of M at 77 K are shown in Fig.4.
The value of M;increases almost linearly with x. It shows
that magnetically non-interactive coexistence of y '-FesN
and CrO, phase is realized in this system.

The x-dependence of coercive field H, at 77 K is

shown inFig.5. The behavior of H, is nonlinear with x. It
means that the simple average of xH "™+ (1—x)H >
does not hold in the present mixed granular system with
random anisotropy.
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Fig. 4 x-dependence of the saturation magnetization at 77
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Fig. 5 x-dependence of the cohesive force at 77 K.

3.2 Magneto-resistance

The field dependence of the resistivity p (H) was
measured between —10 kOe and 10 kOe at 77 K and 300
K, and the experimental results of the magneto-
resistance ratio (MRR) are shown in Fig.6 for x=0.5
samples. Here the MRR is defined by

p(H)—p(H))
p(H,)

%100 M,

where Hp is the peak field at which p (H) becomes

maximum. All of the samples, except for x=1 sample, had
the TMR like behaviors, as shown in Fig.6.



R. Taninoki et al.

MRR (%)
¢

-10000 -5000 0 5000 10000

H (O¢)

Fig. 6 Field dependence of the magneto-resistance ratio
MRR at 77 K for x =0.5.

The tunneling magneto-resistance (TMR) theory [15,
16] gives the following expression for the resistivity of a
granular system.

_ Po 4 2
pUH)= 1+ P2m(H)? eXp[\E] @

where pyand A are constants, P is the spin polarization

coefficient of conduction electrons, and m is defined by
M(H)/M,. The parameter A is defined by 8 x C, where

k=+2m*(V - E,)/h? and C=sE~const. The parameter

m* is the effective mass of electrons, V is the barrier
potential, £y is the Fermi energy, s is the barrier thickness,
and E. is the charging energy. Then the magneto-
resistance ratio MRR is given by

2 2
MRR(H) =LMD" 109 3).
1+ P2m(H)
0.0 —
x=0.2
— 0.5 .
=
[
e
S
=
1.0 1
'1.5 T T T T T
0.07 0.08 0.09 0.10

-1/2

UT*K )'

Fig.7 Inpvs. 1/4/T plots for x = 0.1 and 0.2 samples.
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In Fig.7, In p vs. 1/~/T plots are shown for x = 0.1 and
0.2 samples, where In p linearly varies with 1/+/T . The
Al ky -values, estimated from eq.(2), were 21 K and 45 K

for x=0.1 and 0.2 sample, respectively. Thus the tunneling
energy gap A increased with x of Fe,N amount.
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300 K
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P
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Fig.8 x-dependences of MRR at 300 K and 77 K.

The x-dependences of MRR at 300 K and 77 K under
the field of 10 kOe are shown in Fig.8, where the
absolute value of magneto-resistance ratio |[MRR| reduces
to about 4% at x = 0.2. The above result can be explained
by the percolation theory and inverse TMR effect, as
following.

The present (FeyN)(CrO,);_, granular system
composed of the granular TMR junctions of [y '-Fe N/
y '-FegN], [CrO,/CrO,] and [ y '-Fe4,N/CrO,]. By the
percolation theory [17,18], the number of [ y '-Fe N/
CrO,] junctions becomes maximal at the percolation
threshold x, of about 0.2 for the Fe4N connectivity.

The MRR under large magnetic field was presented as

PP
RR=-——"12_x100  (4).
1+ PP,

for two kinds of grains with different polarization
coefficient of P, and P, [19]. If P, and P, have same
signs as in the case of [ y -Fe4N/ y '-Fe,N] or [CrO,/CrO,]
junctions, negative MRR, namely TMR effect appears. If
P, and P, have opposite signs as in the case of
[ y '-FeyN/CrO,] junctions, positive MRR, namely inverse
TMR effect, should be observed. Therefore the small
|IMRR)| value at x~x.~0.2 is considered to be due to the
compensation of |[MRR| by the inverse TMR effect in
[ y '-FeyN/CrO,] junctions.

4. CONCLUSION

Magnetization and magneto-resistance ratio (MRR)
were measured for (y '-Fey,N),(CrO,);_, granular system
between 77 K and 300 K. The y'-Fe4N and CrO, are the
ferromagnetic half metals with high Curie temperature
and relatively high electrical conductivity. Since the spin

783
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polarization coefficient P of conduction electrons is
nearly —1 in Fe;N and 1 in CrO,, the [y '-Fe,N/CrO,]
junctions were expected to show the positive tunneling
magneto-resistance (inverse TMR) effects. The |MRR| of
this system showed a small value at x around 0.2. These
results can be explained by the percolation theory and
inverse TMR effect.
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Texture and Formability of Heat-treatable Magnesium Alloy Sheets
Processed by Differential Speed Rolling
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The differential speed rolling (DSR) process has been carried out on a heat-treatable
AZ61 magnesium alloy at different rotation speed ratios (RSR). Compared with the
normal symmetrically rolled sheet without an inclination of basal pole, the sheets
DSR-processed at the RSRs of 1.17 and 1.36 exhibit the inclination of basal pole
toward the rolling direction at about 5° and 10° respectively, while the
microstructures show approximately the same grain size of 7 um. Increasing the RSR
leads to the decreases in 0.2% proof stress (YS) and r-value as well as the increases in
uniform elongation and n-value. For the sheet DSR-processed at the RSR of 1.36, the
ultimate tensile strength (UTS), the YS, the fracture elongation (FE) and the Erichsen
value (IE) are 313 MPa, 182 MPa, 24.3% and 4.7, respectively. This IE is higher than
that (4.1) of the normal-rolled sheet. The improvement of the stretch formability can
be attributable to the texture favored for the basal slip during deformation. After
aging treatment, the UTS and the YS further increase to 336 MPa and 208 MPa,
respectively, accompanied with a decrease in the FE.

Key words: Magnesium alloys; Asymmetric rolling; Texture; Mechanical properties; Formability

1. INTRODUCTION

Magnesium (Mg) wrought alloys have a great
potential as light-weight structural materials
substituting for steel and aluminum (Al) parts in
automotive and electronic industries due to their
excellent properties such as low density, high
specific strength, good damping characteristics,
good electromagnetic  shielding capability,
easiness of recycling and abundance of resources
[1]. However, normal symmetric rolling generally
gives rise to a strong basal texture for the Mg
alloys [2]. This induces a high normal anisotropy

in sheet and increases the difficulty in
deformation  accompanied  with  thickness
reduction, and consequently leads to a very

limited formability at ambient temperatures.

The deformation capability of the Mg alloy
sheets is strongly affected by the texture [3,4]. In
recent years, differential speed rolling (DSR) has
been utilized for enhancing deformation
capability of the Mg alloy sheets by
microstructure modifications [5-7]. The DSR is a
process carried out at different rotation speeds for
upper and lower rolls so that intense shear
deformation can be introduced throughout the
sheet thickness and thus may lead to a weakened
basal texture and/or an inclination of basal pole
[8,9]. However, the DSR-processed Mg alloy
sheets reported in the literature are mainly
limited to the AZ31 alloy. In general, the AZ31
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alloy exhibits a better ductility but a lower
mechanical strength compared with the other AZ
series alloys such as AZ61, AZ80 and AZ91 with
higher Al contents. This limits the applications as
a structural component requiring a high strength.
The tensile strength of the AZ61 alloy is
comparable to the 5000 and 6000 series Al alloys,
which have been applied to auto body panels [10].
In addition, it is possible to improve the
mechanical strength of the AZ61 alloy further by
subsequent artificial aging treatment, which
induces precipitation strengthening due to
precipitation of B-phase (Mg;Al},).

In this study, the DSR process was carried out
on the AZ61 alloy in order to achieve the Mg
alloy sheet with a combination of high strength
and superior formability, and the influences of
the rotation speed ratio (RSR) on microstructure,
texture, mechanical properties and stretch
formability were systematically investigated.

2. EXPERIMENTAL PROCEDURE

The starting billets were cut from the commercial
hot-extruded AZ61 (Mg-6.9A1-0.5Zn-0.2Mn in wt.%)
alloy plates with a thickness of 5 mm. The as-received
material consists of equiaxial recrystallized grains with
an average grain size of 13 pm. The rolling was
conducted at the RSRs of 1 (i.e. normal rolling), 1.17
and 1.36 without lubrication on roll and billet surfaces.
The billets were rolled from 5 mm to 1 mm in thickness
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by 4 passes with a large thickness reduction per pass of
33% and the total thickness reduction was 80%. The
billets for rolling were heated to a high temperature of
703 K in order to avoid the precipitation of Mgj;Al;,
during rolling and both rolls were heated to 573 K using
heat elements embedded inside the rolls. The sheet was
rotated and reversed after each pass so that the shear
strain was introduced unidirectionally throughout the
rolling. All as-rolled sheets were subjected to optical
microscopic  observation, x-ray texture analysis,
microhardness measurement, tensile test and Erichsen
test at room temperature. Hereafter, RD, TD and ND
denote the rolling, transverse and normal directions of
sheet, respectively.

The (0002) pole figure was measured at the mid-plane
of sheet by the Schulz reflection method. The tensile
tests were conducted using an Instron universal testing
machine with an extensometer at the angles of 0° (RD),
45°and 90° (TD) between the tensile direction and the
RD. The average values of the mechanical properties
were given from the values of the three tensile directions
by the following expression:

X = (XRD +2X 450 + Xpp V4 . The

circular

blanks with a diameter of 50 mm were used for the
Erichsen tests for evaluating the stretch formability. The
Erichsen tests were conducted using a hemispherical
punch with a diameter of 20 mm. The punch speed was
set as 5 mm/min and the blank holder force was set as 10
kN. The graphite grease was used as a lubricant for the
Erichsen tests. The Erichsen value (IE) was measured as
the punch stroke at fracture initiation.

3. RESULTS AND DISCUSSION

The microstructures of the sheets rolled at different
RSRs are shown in Fig. 1. The as-rolled sheets exhibit
the well-equiaxed grains indicating the occurrence of
dynamic recrystallization due to the high rolling
temperature. All sheets exhibit approximately the same
grain size of 7 um, which is smaller than that (13 pm) of
the as-received hot-extruded plate. Almost no Mg;;Al},
precipitates can be observed, indicating that most of the
Al atoms dissolve in the matrix.

The (0002) pole figures of the sheets rolled at
different RSRs are shown in Fig. 2. The basal texture
intensities are approximately the same while the
distributions of {0001} orientation are different among
the sheets. The normal-rolled sheet exhibits the spread
of {0001} orientation toward the RD without an
inclination of basal pole. In contrast, the basal pole
inclines toward the RD for the DSR-processed sheets.
The inclination angles of the basal pole are 5° and 10°
for the sheets DSR-processed at the RSRs of 1.17 and
1.36, respectively. In addition, the spread of the basal
pole in the TD is also slightly wider and tends to exhibit
a roughly circle-shaped distribution of {0001}
orientation compared with the normal-rolled sheet. The
inclination of the basal pole can be attributable to the
intense shear deformation throughout the sheet thickness
during the DSR process.

The changes in average values of the ultimate tensile
strength (UTS), the 0.2% proof stress (YS), the fracture
elongation (FE) and the uniform elongation (UE), the
Lankford values (r-value), the strain hardening exponent

grm,v,' Visie,
Optical micrographs taken in the
longitudinal sections (RD-ND plane) of
the sheets rolled at rotation speed ratios
of (a) 1, (b) 1.17 and (c) 1.36.

value (n-value) and the IE as a function of RSR are
shown in Fig. 3. All sheets exhibit approximately the
same UTS of 313-318 MPa while the YS slightly
decreases from 191 MPa to 182 MPa with increasing the
RSR from 1 to 1.36. The decrease in the YS can be
attributable to the texture effect considering the same
grain size. The inclination of basal pole may lead to a
larger Schmid factor of the basal slip due to the
inclination of the basal planes from the rolling plane and
thus exerts an effect on the decrease in the YS. The FE
also slightly increases from 23.0% to 24.3% and it is
originated from the increase in the UE, which increases
from 18.4% to 19.7% with increasing the RSR. The
r-value decreases from 2.06 to 1.71 and the n-value
increases from 0.239 to 0.256 simultaneously. The IEs
are 4.1, 4.4 and 4.7 for the sheets rolled at the RSRs of 1,
1.17 and 1.36, respectively, exhibiting the enhancement
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Fig. 2. (0002) pole figures of the sheets rolled at
the RSRs of (a) 1, (b) 1.17 and (c) 1.36.
Intensity level are 0.5, 1, 1.5, 2...

of the stretch formability with increasing the RSR.
Under a biaxial tension stress state of the stretch forming,
the thickness strain is most necessary for forming. The
enhancement of the stretch formability can be attributed
to the decrease in the r-value and the increase in the
n-value, which enhances the capability of sheet thinning.
It is known that the r-value is strongly related to the
texture. The Mg alloy sheet with a very strong basal
texture unfavorable for the basal slip during tensile
deformation generally exhibits a large r-value, because
pyramidal <c+a> slip with the largest critical resolved
shear stress (CRSS) in the slip systems is needed for
generating the thickness strain while the width strain can
be generated by prismatic <a> slip [11,12]. A tilted basal
pole increases the Schmid factor of basal slip with the
lowest CRSS and is favored for the basal slip during
deformation. This promotes the strain in the thickness
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direction and in turn decreases the r-value. In addition,
the inclination of the basal pole may also increase the
n-value [13]. Therefore, the enhancement of the stretch
formability of the DSR-processed sheet is originated
from the texture effect. Compared with the hot-rolled
AZ31B alloy sheets generally exhibiting the IE of 3-5
and the UTS of 250-260 MPa [3,7,14], the AZ61 alloy
sheet DSR-processed at the RSR of 1.36 exhibits a
comparable IE of 4.7 but a much higher UTS of 313
MPa. This high strength results from the solid solution
strengthening due to the dissolution of Al in the matrix.
The change in Vickers microhardness of the sheet
DSR-processed at the RSR of 1.36 during the aging
treatment at 448 K is shown in Fig. 4a. The
microhardness increases with the aging time and reaches
the peak at about 48 h. The Vickers hardnesses for the
as-rolled and peak-aged conditions are 71 and 85,
respectively. The nominal stress-strain curves of the
DSR-processed sheets at the as-rolled and peak-aged
conditions in the tensile directions of RD, 45° and TD
are shown in Fig. 4b. After aging treatment, the UTS
enhances from 313 to 336 MPa and the YS also
improves from 182 to 208 MPa by 23 and 26 MPa,
respectively, due to the precipitation of Mg;Al,.
However, the FE, the UE and the n-value decrease from
24.3% to 21.0%, from 19.7% to 15.2%, and from 0.256
to 0.189, respectively, which would result in a
deterioration in stretch formability. It is suggested that
the precipitates increase the flow stress and thus activate
the dynamic recovery during deformation, which results
in the decrease in work hardening rate. Therefore, the
aging treatment should be conducted after the shape
forming. Anyway, a further improvement in mechanical
strength can be achieved by the aging treatment for the
AZ61 alloy while this effect is weak for the AZ31 alloy.

4. CONCLUSIONS

(1) The DSR-processed sheets exhibit approximately the
same grain size compared with the normal-rolled
sheet while the inclination of basal pole enhances with
increasing the RSR.

(2) The sheet DSR-processed at the RSR of 1.36 in the
as-rolled condition exhibits a combination of high
strength (UTS: 313 MPa) and high ductility (FE:
24.3%). The IE also improves from 4.1 to 4.7
compared with the normal-rolled sheet. The
improvement in the stretch formability can be
attributed to the favored texture for the basal slip
during deformation.

(3) The aging treatment improves the mechanical
strength further while it decreases the work-hardening
capability and the tensile elongation.

REFERENCES

[1] 1. J. Polmear, Mater. Sci. Tech., 10, 1-16 (1994).

[2] G.S. Rao and Y.V.R.K. Prasad, Metall. Trans., 13A,
2219-2226 (1982).

[3] E. Yukutake, J. Kaneko and M. Sugamata, Mater.
Trans., 44, 452-457 (2003).

[4] K. Iwanaga, H. Tashiro, H. Okamoto and K. Shimizu,
J. Mater. Process. Technol., 155-156, 1313-1316
(2004).

[5] H. Watanabe, T. Mukai and K. Ishikawa, J. Mater.
Sci., 39, 1477-1480 (2004).

787



788 Texture and Formability of Heat-treatable Magnesium Alloy Sheets Processed by Differential Speed Rolling

(a)
¢ o
= 300 1
o
£
P 250t —e—UTS| A
5 -#&--PS
%]
[
2 200|i——— 1
----------- W m
1501 11 12 13 14
Rotation speed ratio
3 T - 0.3
() s
25 - ISR 4025
2‘!\’\‘ 402
-
(] Q
=2 =
] 15 F 1015
L S
1| 4 0.1
05l [—o—r-va/ue ‘ |--I--n—value l 0.05
0 L L L 0
1 b | 1.2 13 1.4

Rotation speed ratio

30
(b)

25} |
4/.—.
or e-emammmmmmmmmmns o

.-
15} ]
-m--UE
" 1.1 12 73 -
Rotation speed ratio
5 . .
(d)
SN
451 |

3.5f i

1 15 | 1.2 1.3 14
Rotation speed ratio

Fig. 3. Changes in average values of (a) the UTS and the YS, (b) the FE and the UE, (c) the
r-value and the n-value, and (d) the IE as a function of RSR. The blanks of the
normal-rolled sheet and the sheet DSR-processed at the RSR of 1.36 after the Erichsen

tests are shown in the inset of (d).

©o
o

T T T

©
[$2]

(o]
o

~
(%2

~
(=}

Vickers microhardness (Hv)

»
(9]

0 20 20 80 80 100
Aging time (hour)

400 T T T T T

350l /aged |

3001

250 as-rolled

200
150

Norminal stress (MPa)

100

a
(=)
T
|
|
IS
a

oo L’ﬂ?
i

e — o

1 1 1 1 ‘I
0 5 10 15 20 25 30
Nominal strain (%)

Fig. 4. (a) Vickers microhardness of the sheet
DSR-processed at the RSR of 1.36 as a
function of aging time at 448 K starting from
the as-rolled condition. (b) Nominal
stress-strain curves of the DSR-processed
sheets in the as-rolled and aged at 448 K for
18 h conditions in the tensile directions of
RD, 45° and TD.

[6] W.J. Kim, J.B. Lee, W.Y. Kim, H.T. Jeong and H.G.
Jeong, Scripta Mater., 56, 309-312 (2007).

[7] X.S. Huang, K. Suzuki, A. Watazu, I. Shigematsu
and N. Saito, J. Alloy Compd. 470, 263-268 (2009).

[8] S.H. Kim, B.S.You, C.D. Yim and Y.M. Seo, Mater.
Lett., 59, 3876-3880 (2005).

[9] X.S. Huang, K. Suzuki, A. Watazu, 1. Shigematsu
and N. Saito, J. Alloy Compd., 457, 408-412 (2008).

[10] H. Hayashi and T. Nakagawa, J. Mater. Process.
Technol., 46, 455 (1994).

[11] S.R. Agnew and O. Duygulu, Int. J. Plasticity, 21,
1161-1193 (2005).

[12]J. Koike, T. Kobayashi, T. Mukai, H. Watanabe, M.
Suzuki, K. Maruyama and K. Higashi, Acta Mater., 51,
2055-2065 (2003).

[13] X.S. Huang, K. Suzuki, A. Watazu, I. Shigematsu
and N. Saito, Mater. Sci. Eng. A, 488, 214-220 (2008).
[14] M. Sugamata, J. Kaneko and M. Numa, J. Jpn. Soc.
Technol. Plasticity, 41, 233-238 (2000).

(Received December 12, 2008;Accepted November 25, 2009)



Transactions of the Materials Research Society of Japan

34[4] 789-792 (2009)

Low Temperature Preparation of TiO, Films by RF Magnetron Sputtering Method

Masaaki ISAI'?, Tatsuya ENDO?, Yuichi MIZUCHI'
' Faculty of Engineering, Shizuoka University ~ 3-5-1 Johoku, Naka, Hamamatsu, 432-8561 Japan
*Graduate School of Engineering, Shizuoka University ~ 3-5-1 Johoku, Naka, Hamamatsu, 432-8561 Japan
E-mail: 'temisai@ipc.shizuoka.ac.jp,

2f0730115@ipc.shizuoka.ac.jp

In the conventional preparation processes, a heating substrate should be applied to improve their
crystallinity and films are easily peeled from substrates. This research was aimed to prepare TiO,
films on slide-glass substrates at room temperature by using magnetron sputtering method. TiO,
powder was used as a target material. Ar gas was used as a sputtering atmosphere. Variations of
crystal property and morphology were investigated as a function of substrate temperature. It was
found that Anatase-type films could be prepared at room temperature.

Keyword: TiO, thin films, RF magnetron sputtering, photocatalyst, low temperature preparation

1. INTRODUCTION

TiO, films have been focused as a photocatalyst.
They have remarkable properties, for example, to
resolve organic pollutant and to give hydrophobicity by
irradiating near ultraviolet light. These characteristics
are used in the fields of antifouling, antifog, sterilization
and self cleaning.! The photocatalytic reaction of
titanium oxide (TiO,) films occurs only under the
irradiation of ultraviolet light. Therefore, the
photocatalytic properties under visible light irradiation
have been widely investigated recently. In the future,
various applications of photocatalysts will be developed.

To use the TiO, films as a photocatalyst, it must be
immobilized on a substrate. For this purpose, low
temperature preparation methods with large area and
strong adhesion have been desired.” The immobilization
techniques include wet processes of sol-gel and spray
methods, and dry processes of sputtering and ionized
cluster beam methods.® It is possible to prepare large
area with strong adhesion by using a sputtering method.
Moreover, a RF magnetron sputtering method is possible
for low temperature preparation compared with other
sputtering methods because the confinement of electrons
and the cathode-drop voltage of high-energy
charged-particle are low.

TiO, has crystal structures of rutile, anatase and
brookite. The anatase has the highest photocatalytic
activity. This is due to the difference of their band
structures. The bandgap of anatase is 3.2 eV, so it is 0.2
eV bigger than that of rutile. The reduction of the
oxygen of the anatase is easier than a rutile structure.
Also, because the grain size of the anatase structure is
smaller than that of rutile, a large area induces higher
activity.Therefore, for the photocatalytic reaction, it is
possible to say that the anatase type TiO, is superior to
other structures.’

This research was aimed to prepare TiO, films on
slide-glass substrates at room temperature (R.T.) by
using magnetron sputtering method. The crystal
structure and  optical properties of the films were
investigated to obtain an optimum preparation condition.
This paper reports some part of the results.
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2. EXPERIMENT

Figure 1 shows a schematic of a RF magnetron
sputtering apparatus. There are three substrate folders in
this apparatus and the substrates can be exchanged
without breaking a vacuum. Ar ions bombard the 2-inch
TiO, targets under the RF power of 13.56 MHz. The
distance between substrate and target was 40 mm. The
distance between target and shutter was 25 mm. The
distance between shutter and substrate was 15 mm. The
target material (TiO, powder) was put on a duralumin
hearth. A halogen lamp for substrate heater was installed
back side of the substrate folder.

&—— substrate heater

thermocouple Sf anode substrate holder
] |

[—] |
chamber | =>e
T T ¥ T T r«— substrate
70mm 15mm#
e a shutter
Ar ——, 220mm 4
#2inch®% 25"""1
[le] ] [l target
3
l I—o RF power source
vacuum matching box
Fig. 1 Schematic of a RF magnetron sputtering

apparatus.

Preparation condition is shown in table 1. Slide glass
was used as a substrate. TiO, powder was used as a
target material. The sputtering power was 100, 150 and
200W. The deposition time was 60, 90, 120, 150 and
180 minutes. The films were prepared on non-heated
and heated (400°C) substrates. The Ar gas was
introduced into a vacuum chamber through a mass flow
controller. The Ar flow rate was 4 standard cc/min
(scem) and sputtering gas pressure was maintained at 5
Pa.

A X-ray diffraction, a scanning electron microscope
(SEM), a film thickness measurement and an UV-visible
spectral photometer were used for evaluation of crystal
structure, surface structure, film thickness and optical
properties, respectively.
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Table 1. A typical film preparation condition

type value unit
sputtering target TiO,
substrate slide glass
sputtering power 100, 150, 200 [W]

sputtering time 60,90,120,150,180 [min]
Ar flow 4 [scem]
substrate temperature R.T., 400 [°C]
sputtering pressure 4.8~5.4 [Pa]
thickness 505~9937 A1
deposition rate 0.14~1.42 [A /sec]

3. RESULTS AND DISCUSSION

Figure 2 (a) and (b) show the XRD data of films
prepared under the substrate temperature (Ty,) of 400°C
and R.T., respectively. The sputtering power was fixed
at 100W. The deposition time was varied from 60 to 180
minutes. The films were crystalized within 120 minutes
at Tgy, of 400°C. The film thickness was increased and
the peak intensity became strong as increasing the
deposition time. The films prepared at R.T. were
crystallized at the deposition time of 180 minutes.
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Fig. 2 XRD data as a function of deposition time under
the sputtering power of 100W.

Figure 3 shows the dependence of deposition rate on
the sputtering time at sputtering power of 100W. The
films were deposited under the Ty, of R.T. and 400°C.
As the deposition time increases, the deposition rate also
increases because of incasing surface roughness.

1.6 4 NonHeating
z 14 m 400°C Heating
< 12
E 1
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£ 0.6 r'Y
g 04 . »
]
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Fig. 3 The dependence of deposition rate on the

sputtering time. The parameter is Ty The
sputtering power was fixed at 100W.

Figure 4 (a) and (b) show that the transmittance
characteristics of the TiO, films as a function of
deposition time at the sputtering power of 100W. In the
transmittance measurement, the effect of Ty, was not
observed. The film with about 70 % of transmittance
could be made without introducing oxygen gas.
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(a) Deposited at the Ty, of 400°C.
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(b) Deposited at the Ty, of R.T.

Fig. 4 Transmittance characteristics of the TiO, films as
a function of deposition time wunder the
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sputtering power of 100W.

Figure 5 (a) and (b) show the graphs of (ahv)
photon energy as a function of deposition time at the
sputtering power of 100W. As a result of bandgaps
computed from the absorption spectrum, the crystallized
films have bandgaps of 3.2 eV.

]/2
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Fig. 5 Figure 5 (a) and (b) show the graphs of (ozhv)”2 Vs
photon energy as a function of deposition time at
the sputtering power of 100W.

Figure 6 (a) and (b) show the XRD data of the films
prepared under Ty, of 400°C and R.T., respectively. The
sputtering power was fixed at 150W. The deposition
time was varied from 60 to 180 minutes. The films could
be crystallized until 90 minute-deposition time at Ty, of
R.T. However, the XRD peak intensity of the films
prepared at Ty, of 400 °C was decreased.
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(a) Deposited at the Ty, of 400°C.
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Fig. 6 XRD data as a function of deposition time under
the sputtering power of 150W. (a) At the Ty, of
400°C. (b) At the Tgy, of R.T.

In the transmittance measurement, the effect of Ty,
was not observed. The films which have transmittance
values of about 70% could be prepared without
introducing oxygen gas. As a result of computing
bandgap energy from the absorption spectrum, the
crystallized films have bandgap of 3.2 eV.

Figure 7 shows the time dependence of deposition rate
at the sputtering power of 150W. The deposition rate
was decreased by the substrate heating. This seems to be
due to the re-evaporation of deposited film. When high
energy Ar particles bomber the film surface at Ty, of
400°C, TiO, compound tend to resolve to Ti and O, and
they can re-evaporate from the film surface.

1.6 # NonHeating
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g ! ¢ .
é 0.8 * *
= 0.6
£ 04?

a oo™ = = - T

0 Il Il Il

60 90 120 150 180

Sputtering Time [min]

Fig. 7 The dependence of deposition rate on sputtering
time. The parameter is Ty, The sputtering
power was fixed at 150W.

Figure 8 (a) and (b) show the XRD data of films
prepared at Ty, of 400°C and R.T., respectively. The
sputtering power was fixed at 200W. The deposition
time was varied from 60 to 180 minutes. The XRD peak
intensity of films prepared at the Ty, of R.T. was
decreased as compared with those prepared at 150W. It
seems that the damage to the films was increased
because of high energy sputtering particles. At Tgy, of
400 °C, the re-evaporation of the films was occurred
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during deposition.
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Fig. 8 XRD data as a function of deposition time at the
sputtering power of 200W.

In the transmittance measurement, the effect of Ty,
on the transmittance properties was not observed. The
films have transmittance of about 70 % of transmittance
could be made without introducing oxygen gas. No
change of absorption spectra was observed.

Figure 9 shows sputtering the time dependence of
deposition rate at the sputtering power of 200W. The
deposition rate was decreased as increasing the Ty, The
re-evaporation of films seems to occur in the case of 150
W. At the sputtering power of 200 W, a stable discharge
could not last long, the deposition rate has been roughly
disordered. The deposition rate was decreased at Ty, of
400 °C. It seems that the re-evaporation of films was
occurred in a similar way at the deposition power of 150
W. In the case of 180 min-sputtering time at R.T., the
position of substrates was misaligned. So the deposition
was not properly proceeded. It seems to induce the
decrease of the film thickness.
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Fig. 9 Dependence of deposition rate on the sputtering
time. The parameter is Ty, The sputtering

power was fixed at 200W.

G

4. CONCLUSION
This study was aimed to find an optimum preparation
condition of TiO, films on a non-heating substrate by

RF magnetron sputtering method. As a result, the

following results were obtained.

1) The TiO, films of anatase structure could be prepared
at Ty, of R.T.

2) The films of high transmittance could be prepared
with only Ar gas flow.

3) At Tsub of 400°C and sputtering power more than
150W, the deposition rate was decreased as
compared with other conditions. It seems to be due
to the re-evaporation of deposited films.

4) At the sputtering power of equal to or more than 200
W, the crystal growth was not proceeded by the
substrate damage.
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Spark plasma sintering (SPS) was applied to produce electroconductive SizN4-20 vol%TiN
composites. The sintering mechanism for SPS was a hybrid of dissolution-reprecipitation and
viscous flow at 1450 and 1500 °C and viscous flow at 1600 °C. At temperatures higher than 1550 °C,
nearly full density (relative density of 98%) was achieved. The Vickers micro-hardness reached a
maximum (21.7 GPa) at 1550 °C. Homogeneous distribution without the agglomeration of TiN
particles in the Si;N, matrix was achieved by SPS at 1600 °C. The composites prepared by SPS at
1550 and 1600 °C had low electrical resistivity and could be machined by electrical discharge

machining.

Key words: Spark Plasma Sintering, Silicon Nitride/Titanium Nitride Composite, Machinability

1. INTRODUCTION

Silicon nitride—based materials have promising high
temperature properties such as strength, creep resistance
and oxidation resistance. A successful approach for the
possibility of mass production at a lower manufacturing
cost is to incorporate an electrically conductive
reinforcement such as TiN [1]. TiN has a high melting
temperature (2950 °C), high hardness (21 GPa), and
good electroconductivity (2.5 x 10  Qcm) [2].
Depending on the amount of TiN particles added and the
type of TiN subnetwork formed in the composite, it is
possible to make a composite that is sufficiently
electroconductive to be machined by electrical discharge
machining (EDM), thus avoiding the expensive grinding
operation for the final shaping and surface finishing of
components [3, 4]. The electrical resistivity of the
Si3N4/TiN composite is affected by the initial size of the
powder, the sintering method and the microstructure
formed during sintering. SisNy/TiN composites have
been produced by various methods including hot
pressing (HP) [3, 4], gas pressure sintering (GPS) [5, 6],
in situ processing [7], and self-propagating high
temperature synthesis (SHS) [8]. However these
methods require a high temperature and a long
processing time.

A new rapid sintering method, spark plasma sintering
(SPS) has been applied to produce hard sintered
materials via the application of a large pulsed current
using a graphite mold under a high compressive stress
[9]. In SPS, rapid heating due to the large current
shortens the densification time, thereby making this
process suitable for the sintering of materials. However,
there have been few reports on the application of SPS to
electroconductive Si;N4/TiN composites. The aim of the
present study was to evaluate the applicability of SPS to
the consolidation of SizNy-TiN nano powders. The

influences of sintering temperature on electrical
resistivity were investigated and correlated with the
microstructure.

2. EXPERIMENTAL PROCEDURE

The starting materials used for this study were Si;N,
containing 5 mass% Y,0; and 2 mass% Al,O; (Wako
Co. Ltd.) and TiN powders (Wako Co. Ltd.). Fig.1
shows secondary electron (SE) images of the starting
materials. The mean particle size of Siz;N, and TiN was
approximatly 50 nm. The amount of TiN added should
be as small as possible because TiN is readily oxidized
at 600 °C, leading to the degradation of oxidation
resistance [10]. On the other hand, the percolation
concentration at which the electrical resistivity of
Si3N4/TiN composites decreased drastically is nearly 20
vol%TiN [7]. Therefore, Si3N4-20 vol%TiN powders
were mixed by ultrasonic vibration, followed by
planetary ball milling (Pulverisette 6, Fritsch Co. Ltd.) at
a rotation speed of 100 rpm for 6 h in ethanol using ZrO,
balls.

The mixed powders of 2 g were put into a graphite die
with an inner diameter of 15 mm. A graphite sheet of
0.25 mm thickness was used to prevent powder/die and
powder/punch reactions. The unit was rapidly heated to
1450-1600 °C by SPS (SPS-3.20 MK-4, Sumitomo Coal
Co. Ltd.) under a compressive stress of 40 MPa in
vacuum (10 Pa). The temperature was monitored and
regulated by an infrared ray thermometer focused on the
surface of the graphite die. The temperature was
increased at a rate of 100 °C/min from 600 °C up to the
sintering temperature, followed by holding for 10 min at
the sintering temperature.

The density was measured by the Archimedes method
(MD-300S, Alfa Mirage Co. Ltd.). The microstructure
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Fig.1 SE images of the as-received powders (a) Si;Ny
and (b) TiN

of the polished and plasma-etched (Tensec SP10, Horiba
Co. Ltd.) specimen was examined using a scanning
electron microscope (ESEM XL-30 Series, Philips Co.
Ltd.) and an energy dispersive X-ray spectrometer (EDX)
installed in the ESEM. The crystalline structure was
examined by X-ray diffraction (XRD-6000S, Shimadzu
Co. Ltd.), which was performed with Cu Ka-ray at a
scanning rate of 3 °/min. The Vickers micro-hardness of
the composites under a load of 9.807 N was measured
using Vickers hardness tester (HMV, Shimadzu Co.
Ltd.). The electrical resistivity was measured at room
temperature on the polished surface of the specimen (2 x
3 x 14 mm) using a four-point probe method. The
machinability of the composites was examined by EDM
(Robocut a-OA, Fanuc Co. Ltd.) with 0.25 mm diameter
of Cu wire at a speed of 0.2 mm/min

3. RESULTS AND DISCUSSION

Fig.2 shows the relationships between logarithmic
shrinkage (log AL/L,) and holding time (log ) for the
composites prepared by SPS at 1450, 1500 and 1600 °C.
A dense composite was obtained by SPS at 1600 °C for
80 s but was not achieved at 1450 or 1500 °C, even
when the holding time was 10 min. Kingery et al [11,
12] proposed a linear relation between shrinkage and
holding time based on a theoretical consideration during
the initial stage of sintering.  According to the
relationships, the slope k& is 0.5 for dissolution-
reprecipitation mechanism [11] and the slope & is 1 for
viscous flow [12]. From Fig.2, the slopes in the early
stage (~ 62 s) of sintering are 0.71, 0.78 and 0.90 at
1450, 1500 and 1600 °C, respectively. This implies that
the dominant mechanisms for SPS are a hybrid of
dissolution-reprecipitation and viscous flow at 1450 and
1500 °C and viscous flow at 1600 °C.
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Fig.2 Relationships between log shrinkage and log
holding time.

Fig.3 shows back-scattered electron (BSE) images of
the Si3N4-20vol%TiN composites prepared by SPS and
Fig.4 shows the EDX analyses of (a) grey region and (b)
white region of composite prepared by SPS at 1600 °C.
It is found that the grey region is Si;N, (matrix) and
white grains are TiN. It was observed in Figs.3(a) and
(b) that a black part are pores. Porosity decreased with
the increase in sintering temperature. No pores were
found in the composites prepared by SPS at
temperatures higher than 1550 °C. As shown in Figs.
3(a) and (b), the agglomeration of TiN particles were
observed, although there was less agglomeration at
1550 °C (Fig.3(c)). A homogeneous distribution without
the agglomeration of TiN particles was achieved by SPS
at 1600 °C, while the grain growth of TiN particles was
observed (Fig.3 (d)). This is because the sintering
mechanism is governed by viscous flow as shown by k =
0.9.

Fig.5 shows the relative density and Vickers micro-
hardness of SizN4;-20 vol%TiN composites plotted
against sintering temperature. The full density was
calculated on the basis of the densities of 3.18, 5.44,
4.84 and 3.98 g/em’® for SisNy, TiN, Y,0; and ALO;,
respectively. The relative density increased with
increasing sintering temperature up to 1550 °C, reaching
98 % at 1550 and 1600 °C. This result corresponds to
the microstructure of the composites (Figs. 3(c) and (d)).
These findings are in good agreement with the results of
Gao et al [7]; dense Si3N4-20 vol%TiN composites were
achieved by HP at 1550-1800 °C for 1 h under a
compressive stress of 30 MPa. Thus, the total
processing time required for SPS was less than that
required for HP. This suggests that SPS is an efficient
sintering process for consolidating Si3zN;-20 vol%TiN
powders. The maximum hardness (21.7 GPa) was
achieved at 1550 °C. This is because porosity decreases
with increasing sintering temperature. However, a slight
decrease in hardness was found at 1600 °C. It is thought
that not only the growth of TiN particles but also the
grain growth of the Si;N, matrix may occur at 1600 °C.

Fig.6 shows XRD patterns of the starting powders and
composites prepared by SPS at different temperatures.
a- and B- Si;N4 phases were present in the as-received
Si3N, powder and in the composite sintered at 1450 °C.
No a-Si3sN, peaks were detected in the composites
sintered at higher temperatures (1500-1600 °C), only the
B-Si3N, was present in these composites. These findings
are in good agreement with the results of Hojo [13], who
showed that the complete transformation of a-SizNy4 to B-
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Fig.3 BSE images of Si3Ny-20vol%TiN composites
prepared by SPS at different temperatures. (a) 1450 °C,
(b) 1500 °C, (c) 1550 °C and (d) 1600 °C.

SisN, occurs during the dissolution-reprecipitation
process at 1600 °C. No rodlike B-Si;N4 was observed in
the microstructure (Fig. 3). It is thought that the added
TiN particles inhibit the formation of rodlike B-SizNy.
Fig.7 shows the room temperature DC electrical
resistivity of composites prepared by SPS. The electrical
resistivity of the composites decreased with the increase
in sintering temperature. The composite prepared at
1450 °C (5x10'"* Qcm) had the same order of electrical
resistivity as that of monolithic SizN4. Microstructural
factors such as the grain shape and size of the matrix, the
distribution and size of TiN particles and the porosity
influence the electrical resistivity of the composites.
Rodlike B-SizN, improves the fracture toughness of the
composite but increases its electrical resistivity [5]. The
electrical resistivity decreases with decreasing matrix
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Fig.4 EDX analyses of composite prepared by SPS at
1600 °C. (a) grey region and (b) white region
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Fig.6 XRD patterns of the starting powders and
composites prepared by SPS at different temperatures.
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grain size because electrons flow through the grain
boundaries containing TiN particles. The porosity
increases the electrical resistivity. ~ The composite
prepared by SPS at 1450°C has many pores and a long
TiN-to-TiN distance due to the large amount of
agglomeration, resulting in high electrical resistivity.
The decrease in electrical resistivity at higher SPS
temperatures is attributed to both the reduction of
porosity (Fig. 5) and the shorter TiN-to-TiN distance
due to the decrease in agglomeration. In SPS at 1600 °C,
a homogeneous TiN distribution without the
agglomeration was achieved (Fig. 3(d)). As a result, the
TiN-to-TiN distance decreased and the electrical
resistivity was considerably reduced. The value of
electrical resistivity (3.46 Qcm) of the composite
prepared by SPS at 1600 °C is small compared with that
of composites obtained by HP (10%-order Qcm, 20
vol%TiN, 1850 °C for 1 h) [4] and GPS (10*-order Qcm,
20 vol%TiN, 1950 °C for 3.5 h) [6], and is equivalent to
that of the composite produced by in situ processing
(about 2 Qcm, 20 vol%TiN, in situ direct nitridation +
HP at 1650 °C for 1 h) [7].
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Fig.7 Electrical resistivity versus sintering temperature
of Si3N4-20 vol%TiN composites.

The composites prepared by SPS at 1450 and 1500 °C
could not be machined by EDM, while the composites
prepared at 1550 and 1600 °C could be machined by
EDM. Fig.8 shows an optical micrograph of the
composites prepared by SPS at 1450 °C and at 1600 °C
after machined by EDM. Liu [4] reported that TiN
content higher than 30 vol% must be added to produce
the composites with a low electrical resistivity
(approximately 107 Qcm) to facilitate EDM. In this
study, the amount of TiN required for the composite to
be machinable by EDM was only 20 vol%. This is
because a homogeneous distribution of TiN particles in
the matrix was achieved, resulting in a low electrical
resistivity

4. CONCLUSIONS

SisNy  with additives (Y,O0; and ALOs;) and 20
vol%TiN powders were mixed using a planetary ball
mill, then subjected to SPS at 1450-1600 °C for 10 min
under a compressive stress of 40 MPa. The sintering
mechanism for SPS was a hybrid of dissolution-
reprecipitation and viscous flow at 1450 and 1500 °C
and viscous flow at 1600 °C. At temperatures higher

5 mm

—

Fig.8 Optical micrograph of the composites prepared by
SPS at (a) 1450 and (b) 1600 °C after machined by
EDM.

than 1550 °C, nearly full density (relative density of
98%) was achieved. The Vickers micro-hardness
reached a maximum (21.7 GPa) at 1550 °C then
decreased slightly when the temperature was increased
to 1600 °C. The transformation of 0-Si3sN, to B-SizNy
occurred at temperatures higher than 1500 °C. A
homogeneous distribution without the agglomeration of
TiN particles in the Si;N, matrix was achieved by SPS at
1600 °C. The electrical resistivity was related to the
microstructure of the composites. The composites
prepared by SPS at 1550 and 1600 °C had a low
electrical resistivity and could be easily machined by
EDM
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